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Preface

The altitude ceiling for selected high performance aircraft, e.g., the F-22 and Eurofighter 2000, has been
raised from 50,000 to 60,000 feet. The impact of this change is complex and could impose decisive limitations with
regard to crew safety issues. Detailed exposure limits, specifications, and standards are required for the
development of life support equipment, operational procedures, plans, and training programs for exposure to these
high altitude conditions. Developing these limits, specifications, and standards will require a comprehensive
research database for effective solutions.

A multitude of physiological and life support aspects of high-altitude flight have been examined by
experts in various specialty areas, such as aircraft pressurization, oxygen and pressure breathing systems,
cardiopulmonary effects and decompression sickness. However, much of the current database involves
extrapolation from earlier studies at lower altitudes or low pressure chamber studies that have not fully taken into
account the operational flight exposure conditions. One such example is a loss of cabin pressure after exposure to
cabin altitudes of 22,500 feet for a period of time. With a rapid decompression to 60-65,000 feet, Little solid data
exists to decide the lower altitude to which the aircrew member should descend for continuing the flight. A
comprehensive and integrated approach is necessary to ensure that crew safety is not compromised by these
operational changes.

To maintain the operational safety of aircrew exposed to high altitude conditions, there must be an
understanding of both the subtle and profound, as well as the short- and long-term effects resulting from the
exposure. Much of the rich scientific database on exposure to high altitude has been reported at annual meetings
and in journals. Because of publication delays and limited attendance at the meetings, these reporting methods are
often inadequate for disseminating information.

The most effective way to bring the life support community to a comprehensive understanding of current
research, as well as gaps in the knowledge base, was to bring together an expert panel and conduct a workshop on
the life support and physiological issues of flight at 60,000 fect. The objectives of the workshop, therefore, were to
encourage direct discussion across disciplines by:

1. Outlining the rationale for operating at higher altitudes, as well as current life support equipment
capabilities under development.

2.Reviewing and integrating the physiological and life support requirements for increasing the
operational altitude.

3. Establishing limitations, additional research and equipment requirements and trade studies.

4.Providing a timely publication covering relevant issues to prevent crew safety from becoming a limiting
factor in future high altitude operations.

Over forty key individuals were brought together for a three-day workshop at the Armstrong Laboratory,
Brooks AFB, Texas, on 13 to 15 June 1995, to discuss, coordinate, and provide initial input for tracking life
support interrelationships that might potentially evolve into an operational limits database. The meeting was
conceived as a workshop, not a scientific symposium. The emphasis was placed on open discussion and the
exchange of information. The papers were intended to be topic reviews rather than original scientific presentations.
Their purpose was to establish the basis for further discussion and to update the participants on current programs
involving high altitude and life support equipment. The design of the workshop included not only scientific fact,
but opinion and conjecture as well.

The products from the workshop include a special report of the proceedings, a compendium of research
and development data, variables relating to the various aspects of raising the ceiling, and a summary of
recommendations.







EXECUTIVE SUMMARY

Dramatically improved airframe technology and the extreme mission environments of modern air warfare
threaten to overwhelm the physiological and cognitive capacities of aircrew. The problem is magnified when
increased systems capabilities are considered in the context of the potency and density of weapons possessed by
potential adversaries. It is clear that today’s mission requirements and sophisticated weapons require that aircrew
achieve and maintain a performance capability at peak effectiveness. A vital aspect of this problem is the
protection, preservation, and enhancement of aircrew capabilities through optimally effective physiologically based
safety procedures, personal protective equipment, and other life support systems/subsystems.

This report documents the proceedings of an operationally oriented workshop that was intended to
establish a comprehensive understanding of the current aircrew protective concepts, summarize lessons learned
from earlier research, and uncover gaps in the knowledge base that might apply to protective requirements at
altitudes of 60,000 feet and above. The thirty workshop presentations were grouped into six Sessions:, High
Altitude Issues, Life Support Systems, Physiological Protection/Limits, Positive Pressure Breathing Effects,
Current Protection Systems and Workshop Conclusions/Recommendations. A brief synopsis of individual papers is
given for each session.

High Altitude Issues

The workshop session was opened with a review of the requirement for flight at altitudes of 60,000 feet
and above. The need is driven by three primary factors: threat, weapons employment, and environmental
conditions. With respect to threat, the combination of stealth, high speed, and high altitude operations will allow
the aircraft to shrink some surface to air missile weapon engagement envelopes and totally neutralize others. As to
weapons employment, the kinematic range of air to air missiles is greater at the higher altitudes. The major
environmental factor requiring high altitude flight is to exploit stealth technology by climbing above contrails that,
in summer months, can be seen at levels up to and including 60,000 feet. As engine performance continues to
advance, there will be an ever-increasing drive to exploit the upper atmosphere and take advantage of the high
ground.

Current USAF life support development efforts were reviewed. Presently, four user-supported and funded
initiatives are in different stages of development: Combined Advanced Technology Enhanced Design G-Ensemble
(COMBAT EDGE), Universal Water Activated Release System (UWARS), Night Vision System and Active Noise
Reduction System. Other promising technologies awaiting user requirements, funding, and direction include:
Advanced Technology Anti-G Suit (ATAGS); Combined Advanced Technology Acceleration/Chemical Ensemble
(COMBAT ACE); Laser Eye Protection (LEP); and the ACES II ejection seat improvement program. Historically,
the development approach has been to design each piece of equipment as part of an integrated whole, but in a
modular fashion--wearing only those items required to accomplish the mission. A concept is being developed for
the future that has its roots in the earlier Tactical Life Support System (TLSS), but there is currently no user-
sponsored project involved with protection above 50,000 feet in the Life Support Program Office.

Physiological and operational factors were reviewed that determine the relationship between the
concentration of oxygen in the inspired gas and cabin altitude in agile combat aircraft when the cabin is
pressurized. The review considered in detail the disadvantages of breathing high concentrations of oxygen during
acrial combat maneuvers. If acceleration-induced atelectasis and delayed otitic barotrauma are deemed to be
unacceptable by aircrew operating agile combat aircraft, the standard that the maximum concentration of oxygen in
the inspired gas shall not exceed 60% at cabin altitudes up to 15,000 feet (and 75% at cabin altitudes up to 20,000
feet), as required by Air Standard 61/22A and STANAG 3865, is sound.

Raising the ceiling of current flight operations will have the effect of increasing the altitude exposure
hazard and consequent incidence of decompression sickness (DCS) symptoms. In some current operations, DCS is
a limiting factor and may become the controlling element in mission planning for newer aircraft. For example, the
F-22 pilot at a cruising altitude of 60,000 feet will have a cabin altitude of 22,500 feet, which is above the




threshold for DCS with a symptom onset latency of approximately one hour. Airdrop and reconnaissance missions
are also impacted by the potential for DCS symptomatology. Prebreathing 100% oxygen or pure product gas from
the molecular sieve prior to 16,000 feet exposure will provide significant protection against DCS. An approach to
circamvent the disadvantages of acceleration-induced atelectasis and delayed otitic barotrauma associated with
prebreathing higher concentrations of oxygen would be to increase the cabin pressurization differential from 5 psid
to 6 or 7 psid, especially at higher altitude. DCS research should be directed at defining and predicting the risks
and procedures for reducing DCS symptomatology.

A study has been approved at Farnborough to evaluate the risk of DCS and venous gas emboli (VGE)
following loss of cabin pressure and subsequent sustained altitude exposure as required by current mission profiles.
It is well understood that hypoxia can be prevented by standard breathing systems following descent to lower
intermediate altitudes, but the risk of DCS is unknown. This is especially true following rapid decompression to
altitudes ranging from 40,000 to 60,000 feet. Another protocol under development is to investigate the effect of
rapid decompression on DCS incidence at higher altitudes, up to 60,000 feet. This program will support the
Eurofighter 2000 program and is applicable to the F-22 program.

Flight at 60,000 feet with a 5 psid cabin pressure will expose the aircrew to 22,500 feet. Of concern is the
potential for 1-2 hours of exposure to pressures above the threshold for DCS and subsequent rapid decompression
to the lower ambient pressures at 60,000 feet. In this scenario, existing gas emboli will rapidly expand, resulting in
potentially serious symptoms even during short excursions to these higher altitudes. This problem could be further
exacerbated if descent to low altitude was not immediately possible. It is suggested that operational altitudes known
to elicit high VGE counts in the majority of people should be avoided because of an increased risk of right-to-left
gas cross-over to the arterial side of the circulation and the resulting potential of severe cerebral symptomatology.

Life Support Systems

The physiological and general requirements for high altitude breathing systems were reviewed, as well as
some aspects of current design and compliance. The physiological factors include: adequate oxygen concentration
at adequate pressure; provision of adequate nitrogen to avoid acceleration atelectasis; ventilation and flow levels;
external resistance and removal of expirate. General requirements include: safety pressure; protection against toxic
fumes and decompression sickness; evaluation of system integrity; indication of supply, flow and failure; simplicity
of use; subsystem redundancy; protection during high-altitude escape and function in extreme environments.

Molecular Sieve Oxygen Concentrator (MSOC) technology has evolved into the dominant process for
generating oxygen on-board military aircraft. A lucid review of the development of this technology was presented,
with emphasis on USAF systems. Oxygen concentrator performance, operational use, backup oxygen capacity, and
potential future technologies that would apply in oxygen concentrator systems were also reviewed. Future
technologies include: the use of two zeolite molecular sieve beds and two carbon molecular sieve beds to produce
up 10 99.7% oxygen directly from compressed air; use of a zirconia ceramic membrane oxygen generating system
to produce 99.9% oxygen; use of helium coldheads in conjunction with the MSOC to produce liquid oxygen; and,
use of computer algorithms to automatically adjust concentrator operating parameters to accurately control product
oxygen concentration while minimizing bleed air consumption.

The considerable interactions between the physiological requirements for cabin pressurization and the
relationship between concentration of oxygen and cabin altitude required for aircrew oxygen delivery systems was
reviewed. Both the F-22 and the Eurofighter 2000 use an isobaric 5 PSI differential pressurization schedule. With
this schedule, normal cruise at 60,000 feet would yield a cabin altitude of 22,500 feet. The intensity of hypoxia
acceptable following rapid decompression has important implications for the design of both pressure cabins and
aircraft oxygen systems. Problems involving hypoxia as well as trapped gas issues are generally well established
and most have been resolved with newer breathing systems. Recent research data, however, indicate that there
would be a statistically significant risk of DCS with extended flight at cabin altitudes around 23,000 feet. The
possibility of using a higher pressure differential at higher altitudes that would reduce the cabin altitude to around
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18,000 feet or lower was discussed. It was noted that a further study of risk versus benefit would be required before
a cogent position for changing pressurization schedules could be established.

Partial pressure systems designed for the F-22 and Eurofighter 2000 provide get-me-down protection from
60,000 feet. These systems are also designed to provide Nuclear, Biological, and Chemical (NBC) as well as Laser
Eye protection. Using this fully enclosed head design as a starting point, it was suggested that it would not be a
very large step to provide much longer protection to altitudes above 60,000 feet to reduce the immediate need for
descent following rapid decompression. The changes would minimally include adding sleeves to the current vest,
integrating the vest with uniform pressure trousers (ATAGS or equivalent), developing a pressure-containing head
enclosure, mask and neck seal, redesigning the oxygen regulator/controller for manual as well as automatic
operation of the pressure schedule, and providing pressure gloves. All of these concepts have been prototyped over
the years. From lessons learned in these earlier studies coupled with newer materials and fabrication techniques, it
was suggested that an improved, pilot-acceptable partial pressure helmet/suit system is well within the state-of-the-
art. A methodical, iterative program should be developed to provide such an integrated high-altitude protective
system.

Physiological Protection/Limits

Results of a study to determine the hypoxic risk of breathing 93% MSOC product gas versus 100%
aviator’s breathing oxygen to an altitude of 50,000 feet were reviewed. It was shown that the 93% or lower oxygen
concentrations produced by the MSOC system provided significantly less protection than standard aviator’s
breathing oxygen. Conclusions include: oxygen monitors must provide reliable warning of MSOC product
degradation; the current dilution schedule for standard regulators should be enriched at higher cabin altitudes to
prevent transient hypoxia on rapid decompression; present positive pressure breathing schedules and mask sealing
capabilities provide only marginal emergency descent protection at the current flight ceiling of 50,000 feet; and, a
backup supply of 94% oxygen or greater is necessary to ensure post-decompression protection.

The principal physiological hazards associated with loss of cabin pressure at altitudes greater than 30,000
feet are hypoxia, DCS, and hypothermia. A full pressure suit assembly provides the ideal physiological protection
but it is bulky, cumbersome, and impairs operational efficiency during flight as well as normal and emergency
egress. A partial pressure assembly provides less restriction, lower thermal load, and generally greater routine
comfort during flight. Thus, the design of partial pressure assemblies represents a compromise between ideal
physiological requirements and functional convenience. The technique of pressure breathing with 100% oxygen
and application of limited counterpressure to the body was adopted by the Royal Air Force in 1954 to provide short
duration protection to altitudes as high as 60,000 feet. The main limitation in using an oronasal mask at pressures
in excess of 70 mm Hg is discomfort resulting from the distension of the upper respiratory tract. Additional effects,
such as blepharospasm (due to gas passing up the naso-lachrymal ducts) and rupture of the conjunctival vessels,
limit breathing pressure and duration for which an oronasal mask may be used at 70 mm Hg to 34 minutes. It was
suggested that mask pressures of 80 mm Hg accompanied by adequate body counter-pressure would probably be
acceptable for short periods to 70,000 feet.

Over the past 15 years, a series of studies has been conducted at the Defense and Civil Institute of
Environmental Medicine (DCIEM) in Canada to establish the high altitude limits of partial pressure assemblies.
Following a lead from the Swedish Air Force, it was shown that protection against hypoxia was enhanced at higher
altitudes with G-suit pressures in the range of 4 times mask-cavity pressures. The series of studies included
exposure to: 56,000 feet for 3 minutes with 70 mm Hg positive pressure breathing (PPB); 60,000 feet for 3 minutes
with 70 mm Hg PPB; 60,000 feet for 3 minutes with 60 mm Hg PPB; 72,000 feet for 2 minutes with 80 mm Hg
PPB; and, finally, 80,000 feet for 1 minute with 80 mm Hg PPB. From these physiological and rather limited
performance studies, it was postulated that emergency get-me-down escape was probably possible from altitudes as
high as 80,000 feet. Subsequent flight trials to an altitude of 64,000 feet breathing 70 mm Hg with immediate
descent to lower levels proved that a pilot could indeed control an aircraft following decompression to these higher
altitudes. In subsequent PPB studies, it has been shown that subjects can tolerate up to 88 mm Hg for at least 20
minutes with full coverage lower body G-suits pressurized to 4 times breathing pressures.
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Positive Pressure Breathing

Results of an invasive cardiopulmonary study were reviewed that investigated the cause of the
hyperventilation associated with PPB using a COMBAT EDGE assembly. Results indicated: a 5-fold increase in
minute ventilation with 60 mm Hg PPB; the increase in minute ventilation was achieved by an increase in tidal
volume and not frequency of breathing; the higher mask pressure resulted in only a slight reduction in cardiac
output; phasic swings in mask pressure seem to augment venous return and sustain arterial pressure; increased G-
suit pressure may augment blood return and maintain arterial pressure but have unknown effects on overall
pulmonary gas exchange; heart rate was higher and arterial pressure was lower at altitude than ground level
controls; and, a discrepancy was shown between end tidal and arterial partial pressure of carbon dioxide (PCO2)
while pressure breathing, which indicated to these authors that assessment of arterial PCO2 during PPB should
ideally be obtained by direct measurement of arterial gas tension.

The reality of routine flight at 60,000 feet and above will demand that aircrew are protected not only for
get-me-down protection as in the past, but possibly even mission completion scenarios after decompression. Results
from a series of studies at the DCIEM using full-coverage anti-G trousers at various gradations of inflation ratios
and 60 mm Hg PPB indicate that a 3-to-1 pressure ratio between the vest and trousers caused a slowing of heart
rate and a 2 to 1 ratio provided equal cardiovascular protection. It was concluded that the new full-coverage G-suit
affords vastly superior bladder coverage over the limbs, optimized pressure transmission to the tissues, and
consequently do not require the traditional 4-to-1 pressure schedule originally developed for use with the older
CSU-13/BP G-suit. The lower ratio still affords adequate left ventricular filling and stroke volume, while allowing
a more appropriate heart rate response. Lower inflation pressure without the loss of physiological function also
addresses the problem of comfort during extended duration PPB.

Although there have been no documented medical complications in the pressure range that has been
established for aircrew breathing systems, it is important to be aware of several potential medical conditions during
the development of new PPB schedules. These conditions would include: pneumothorax, pneumomediastinum,
surgical emphysema, arterial gas embolism, hypertension, hearing damage, and problems associated with raised
intraocular pressure (IOP). A study has been recently initiated to investigate the effects of IOP during exposure to
PPB levels up to 60 mm Hg for periods up to 10 minutes, and to determine the fall in IOP pressure following
cessation of PPB. The observations to date indicate that IOP does increase with PPB, although not on a one-to-one
basis and, upon cessation of PPB, the JOP usually returns to baseline levels within 2-6 minutes.

At the present time, no comprehensive model can describe the physiologic consequences of a change in
operating conditions and design of the life support systems employed in modern high-performance aircraft. Several
tentative computer models of components required to implement an integrated model of the Aviators Breathin g
System (ABS) have been created. A fully validated model could be used to simulate the function of the hardware
and the physiological effects in response to environmental changes. The fully integrated ABS model could be
employed to perform parametric studies as an aid to illustrating and understanding the nature of the interactions
between the environment, the life support system and the aviator. Ideally, the final model would be a single
software module with a user-friendly interface that would allow easy selection and adjustment of input variables
and display of simulation results.

Current lung overpressure schedules are based on poorly understood human tolerance limits. The safe
limits for static pressure are conservatively set at 60-100 mm Hg and for supported static pressures at 170-190 mm
Hg. These limits do not account for dynamic overpressure situations. Using current human data, the unsupported
aviator should be able to tolerate: the standard 5 psi (259 mm Hg) overpressure occurring in 0.06 seconds or
greater; 6 psi (310 mm Hg) overpressure in 0.08 seconds or greater; and a 7 psi (362 mm Hg) overpressure in 0.1
seconds or greater. Animal evidence suggests that even greater pressure could be tolerated in humans with minimal
barmful effects. Use of well-designed flight gear, providing chest and abdominal counter-pressure, increases
human pulmonary overpressure tolerance primarily through increased thorax rigidity. Use of well-designed flight
gear should increase the safety margin for tolerance to a 7 psi decompression in 0.01 seconds in duration.
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Positive pressure breathing increases altitude tolerance by producing an increase in inspired, and hence
alveolar, PO2. The magnitude of this increase is most closely related to mean airway pressure. This airway
pressure elevation has effects that can reduce oxygen delivery and result in significant pilot morbidity, e.g., reduced
cardiac output, hyperventilation, and pulmonary barotrauma. Various alternatives to the standard pressure
breathing profiles were reviewed. These alternative methods included: augmenting the area of coverage of the
protective suit, i.e., the more closely a partial-coverage suit mimics a full-pressure suit, the less physiological
derangement will occur; phasically increase pressure during inspiration (analogous to pressure support ventilation)
or expiration (analogous to expiratory positive airway pressure) to augment venous return. Hence, cardiac output
and pulsing the respiratory system at high frequency may be useful by attenuating PPB-induced byperventilation
and pulsing the airway during late diastole to augment cardiac output. Replacement of continuous PPB with a
system providing phasic pressure alterations has the potential to augment cardiac output and tissue oxygen
delivery, while minimizing hyperventilation.

In recent studies at Farnborough, it was shown that a counterpressure assembly consisting of waistcoat
and anti-G trousers, when inflated uniformly to breathing pressure (1-to-1 ratio) provided less support to the
cardiovascular system that the standard RAF counterpressure assembly. Inflation of the lower counterpressure
garment to three times breathing pressure (3-to-1 ratio) caused highly significant improvements in the
physiological protection. The arterial pressure elevated closer to the sum of the resting blood pressure and PPB,
and a more satisfactory pulse pressure was observed, as well as a reduction of the tachycardia associated with PPB.
Increasing the lower garment inflation to four times breathing pressure did not further improve the protection
provided.

With the use of chest counterpressure, extended coverage anti-G suits, and a 4-to-1 G-suit-to-PPB pressure
ratio, it has recently been demonstrated that well-trained subjects can tolerate breathing pressures of 60 to 70 mm
Hg for well over 10 minutes, and as much as 20 minutes. Indeed, four of six subjects tolerated 80 mm Hg for 20
minutes. It was also suggested that there may be considerable utility in using PPB to increase absolute body
pressure and thus reduce the risk of DCS following loss of cabin pressure at higher altitudes. For example, if an
individual were exposed to 45,000 ft breathing oxygen at either 30 mm Hg or 80 mm Hg, the effective
physiological altitude considering DCS symptomatology would ‘be around 40,000 ft for the former and below
34,000 ft for the latter. This possibility remains to be proven, but is an interesting speculation.

Current Protection Systems

The Tactical Life Support System (TLSS) was the first USAF advanced development program. It was a
highly ambitious effort that guided design requirements to provide high-altitude protection, improved G protection,
personal cooling, and improved NBC protection. As an advanced development program, TLSS was intended to
provide a vehicle to incorporate the laboratory-generated technical advancements into an integrated system to
improve aircrew life support. This mid-1980s effort spawned most of the current improvements in life-support
equipment now being prototyped for the F-22 aircraft, as well as the current COMBAT EDGE system being flown
in the F-16 aircraft and shortly to be deployed in the F-135 aircraft.

Positive pressure breathing, in combination with counterpressure to the thorax by a vest bladder, has been
introduced to increase the endurance tolerance of high G-loads. Such a system, i.e., the COMBAT EDGE, is now
in operational use in the USAF F-16. This system gives a linear increase of the breathing pressure from +4 Gztoa
maximum of 60 mm Hg at +9 Gz with the same pressure in the thoracic vest bladder. The Swedish use a breathing
pressure increasing from 3 mm Hg at +4 Gz linearly to about 50 mm Hg at +9Gz, while the French are currently
testing a maximum breathing pressure of about 70 mm Hg. Unassisted PPB has been shown to reduce or eliminate
G-induced pulmonary atelectasis during oxygen breathing; however, the measure of atelectasis while breathing
greater than 70% oxygen with assisted PPB during increased G-loads has not yet been evaluated.

The F-22 life support program did not set out to create a system to expand the fighter communities

altitude environment, but rather to use the inherent altitude protection characteristics afforded by the partial-
pressure garments for G protection. The system offers protection for inflight decompression and post ejection to
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altitudes in excess of 50,000 feet. The complete partial pressure assembly, in combination with the Molecular Sieve
Oxygen Concentrator (MSOC), is viewed as only get-me-down protection. The F-22 life-support system is
composed of both aircraft and man-mounted hardware. Aircraft equipment is comprised of the three-bed MSOC,
Breathing Regulator and Anti-G (BRAG) valve, and seat-mounted Emergency Oxygen System. Man-mounted
equipment is comprised of the integrated terminal block, upper pressure garment, air cooling garment, lower G
garment, helmet, and mask.

The Eurofighter life support system will incorporate state-of-the-art anti-G breathing systems with
Aircrew Equipment Assemblies comprising full-coverage anti-G trousers, chest counter-pressure garment and
pressure demand oronasal mask with enhanced mask sealing. Some of the physiological challenges involving
acceleration protection that remain to be established include: optimization of the PPB schedule; G threshold for
onset of pressure, slope of the PPB schedule and maximum PPB; minimizing arm pain from the PPB; and, effect of
loss of cabin pressure during PPB. Regarding altitude protection, the following remain to be established: the
pressure ratio between anti-G trousers and mask; MSOC gas composition prior to decompression; confirmation of
the acceptability of 80 mm Hg PPB; and, effects of trapped gas in the NBC assembly.

Following a review of full-pressure suit operations for reconnaissance aircraft, it was concluded that
today’s high-performance flight operations would be significantly degraded if a current full-pressure system were
required. It was noted that there are numerous physiological, psychological, physical, and performance limitations
associated with wearing a full-pressure suit. The physiological support infrastructure required to maintain the
operational readiness of the U-2 fleet is robust. Expanding this responsibility to a larger, more diverse complement
of weapon systems cannot be accomplished with current resources. To do so would require designing an innovative
suit capable of self-donning and doffing, with integrated self-diagnostics and disposable suit components, and
reduced bulk, especially over the extremities. The final suit configuration must be capable of flawless, sustained
performance without the current level of required resources and logistic support.

Many variables must be considered when attempting to circumscribe the acceptable risks of sustained
operations at high altitude. Some of the factors for remaining at high altitude following loss of cabin pressure
include: flying over a surface-to-air missile belt; improving fuel consumption; better reconnaissance (over the
horizon); greater kinetic energy of the missile; and a higher speed making it more difficult for a gunner to target
the aircraft. Although a risk analysis and benefit study was indicated, it was suggested that a well-trained aircrew
member, wearing the high-pressure mask, vest, and uniform-pressure anti-G assembly contemplated for the F-22
or Eurofighter 2000, should be able to tolerate the hypoxia associated with exposure to 65,000 feet for 5 minutes,
providing he could immediately descend to lower altitudes. The immediate risks involved the ability of the aircrew
to breathe at pressures around 75 mm Hg without hyperventilating, and the capability of the MSOC or backup
oxygen to provide adequate pressure/flow/concentration of oxygen. Questions remained whether DCS would
become a major risk at this altitude for the 5-minute period. This depends in great degree on whether the aircrew
was exposed to a cabin altitude of 23,000 feet or greater for a long period before decompression, and whether there
was an adequate denitrogenation period.

The workshop provided the opportunity for a thorough review of the need for flight operations at 60,000
feet and above, as well as an open scientific discussion of the physiological consequences and exposure limits at
these altitudes. A summarized listing of the most important conclusions and recommendations coming out of the
workshop is on the following page.
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RAISING THE OPERATIONAL CEILING - A WORKSHOP ON THE LIFE SUPPORT
AND PHYSIOLOGICAL ISSUES OF FLIGHT AT 60,000 FEET AND ABOVE.

BROOKS AFB, TEXAS 13-15 JUNE 1995

Conclusions/Recommendations

® A definite need for operational flight at 60,000 feet and above was established. Flight at these altitudes
provides several important combat advantages.

® An urgent requirement exists to determine the operational impact of breathing intermediate
concentrations of oxygen to reduce G-induced atelectasis at lower cabin altitudes versus breathing
higher concentrations oxygen to decrease the risk of hypoxia and decompression sickness following loss
of cabin pressure.

® There is a magnified risk of DCS following loss of pressure at high altitude and descent to intermediate
unpressurized altitudes on return to home base, especially if the aircrew were predisposed by exposure
to high cabin altitudes before the decompression.

® Although it has been demonstrated in laboratory studies that individuals can tolerate high levels of PPB
using the current concept, mask/vest/full-coverage anti-G suit assembly with appropriate pressure ratio,
it was concluded that we are nearing the edge of human tolerance limits with operational exposure at
altitudes of 60,000 feet and above using these assemblies. Further research on the cardiopulmonary
effects of PPB and alternative methods of maintaining cerebral oxygen tension were indicated.

® If it becomes necessary to fly above 65,000 feet, a likely approach for tactical aircraft would be to use a
fully enclosed helmet containing a high-pressure mask, sleeved vest and ATAGS-equivalent partial-
pressure assembly. For many reasons, a full-pressure suit assembly is not considered a practical
alternative.

® An advanced hybrid oxygen system (AHOS), which provides nearly 100% oxygen from the MSOC
product in either gas or liquid form, holds great promise for the future to reduce the risk of hypoxia at
higher altitude.

® Using operational flight scenarios, studies should immediately be directed toward definition and
prediction of the risks of DCS to conclusively document thresholds and onset times.

® Increasing the aircraft environmental control system schedule above the standard 5 PSID isobaric
differential should be investigated as a means of reducing exposure to the high cabin altitude in higher
flying aircraft.

® The emergency oxygen system in future F-22 derivatives should be optimized by: increasing the volume
of the system to at least 200 liters; providing a manual on/off function, as well as automatic operation;
and, providing sensors to indicate the status of the oxygen system.

® Pressure breathing instruction and practice, related to high-altitude flight, must be included in the
fighter training syllabus.

® An interactive computerized database is needed to ensure that the interrelationships between
aircraft/crew/physiological issues are considered in the design of future aircraft and life-support
systems.
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RAISING THE OPERATIONAL CEILING--
WORKSHOP ON THE LIFE SUPPORT AND PHYSIOLOGICAL ISSUES
OF FLIGHT AT 60,000 FEET AND ABOVE

JUNE 13-15, 1995

BROOKS AIR FORCE BASE, TEXAS

CREW TECHNOLOGY DIVISION WELCOME

Colonel James Dixon
Chief, Crew Technology Division
Brooks Air Force Base, Texas 78235-5301

1 want to thank each of you for being present at this workshop on the physiological issues of raising the
operational ceiling to 60,000 feet and above. On behalf of the Director of the Armstrong Laboratory, Dr. Brendan
Godfrey, and our new commander at the Armstrong Laboratory, Colonel Terry Lyons, I want to extend a heartfelt
welcome. Colonel Lyons could not be here with us this morning, but he sends his encouragement for a productive

workshop.

Both Colonel Lyons and I are very pleased with the notable qualifications and talent of the participants at
this workshop. We have high expectations that we can use the guidance generated at this meeting to provide
protective measures and other innovative concepts 10 allow the aircrew to fly at higher altitudes.

Until quite recentty, flight operations at high altitude had lost some of the interest it formerly held. The
extended capabilities of newer high-performance aircraft, as well as newer air- and ground-based threats, now
make it necessary for the scientific community to extend the capabilities of the human--in this case, to fly at
altitudes previously reserved for those wearing full-pressure suits. Dr. Andy Pilmanis and his colleagues have
recently demonstrated the risks and potential limitations of exposing humans for longer periods of time to the
higher cabin altitudes associated with high-altitude flight. We are in the process of redirecting our energies to
ensure that flight at these higher altitndes will not degrade the performance of the aircrew, while providing them
with protection against all contingencies. We are expecting that this gathering of international expertise will
provide us with many of the answers and alternatives to the varied problems associated with high-altitude flight in
advanced technology fighter aircraft.

As each of you interact, and perhaps generate action items for us in the Armstrong Laboratory, we fully
anticipate the products of this conference will provide a lasting positive influence on our various operational forces.
Again, on behalf of Dr. Godfrey and Col. Lyons, we welcome you and wish you the very best in your efforts here
this week.




SCOPE, ISSUES, AND OBJECTIVES OF THE WORKSHOP

Andrew A. Pilmanis Ph.D.
William J. Sears Col USAF (Ret) Ph.D.

The altitude ceiling for future fighter aircraft such as the F-22 and Eurofighter 2000 has been raised from
50,000 to 60,000 feet. This 10,000 feet increase greatly increases the physiological hazards for the crew as well as
the life-support system requirements (Table 1). The impact of this change is complex and could impose decisive
limitations with regard to crew safety issues. A comprehensive and integrated approach is necessary to ensure that
crew safety is maintained. Clear definition of both physiological and systems limitations is required in order to
develop trade-offs between operational requirements and crew effectiveness.

Table 1. Complexity of issues involved in raising the ceiling.

AIRCRAFT/CREW ISSUES PHYSIOLOGICAL ISSUES LIFE SUPPORT SYSTEMS
FLIGHT SCENARIOS HYPOXIA OXYGEN SYSTEMS
FLIGHT ALTITUDE OXYGEN CONCENTRATION REQUIRED MSOC VOLUME/FLOW REQUIREMENTS
DURATION OF FLIGHT OXYGEN PRESSURE/FLOW SCHEDULES CONCENTRATION SCHEDULES
TIME OF EXPOSURE TO ALTITUDE FILTERED AIR BYPASS
CABIN PRESSURIZATION BREATHING RESISTANCE PURGE VALVES
BREATHING PRESSURE SWINGS SENSORS/INDICATORS
CABIN PRESSURE DIFFERENTIAL
CABIN VOLUME DECOMPRESSION SICKNESS LOX CONVERTERS
SIZE ORIFICE SUPPLY REQUIREMENTS
DECOMPRESSION RATE BENDS, CHOKES, CNS DISTURBANCES STORAGE REQUIREMENTS
TRANSIENT CABIN PRESSURE AFTER RD EXPOSURE TIMES INDICATORS/REGULATORS
FLIGHT ALTITUDE REQUIRED POST RD PREBREATHE REQUIREMENTS GAUGES/HEAT EXCHANGERS
WORKLOAD
HUMAN FACTORS GAS HIGH PRESSURES
S S G SUPPLY REQUIREMENTS
PERFORMANCE DEGRADATION VOLUME/FLOW REQUIREMENTS
WORKSPACE LIMITATIONS PRESSURE/FLOW REQUIREMENTS BACKUP TO MSOC
EQUIPMENT ACCEPTABILITY CARDIOVASCULAR EFFECTS EMERGENCY OXYGEN
FIT/FUNCTION OF EQUIPMENT RELATIVE GAS EXPANSION
CREW COMFORT HYPERVENTILATION
CREW SAFETY PRESSURE BREATHING LIMITS REGULATORS
MASK VERSUS INTRATHORACIC PRESSURES CONCENTRATION SCHEDULES
PULMONARY OVERPRESSURE PRESSURE SCHEDULES
GAS EMBOLISM DILUTER DEMAND VS 100%
PNEUMOTHORAX DELIVERY RATES
TRAINING INLET/OUTLET PRESSURES
BREATHING RESISTANCE
EBULLISM OSCILLATORY BEHAVIOR
RELIEF VALVES

ALTITUDES/DURATION OF EXPOSURE
UNPRESSURIZED AREAS OF BODY

PANEL /SEAT/MAN MOUNTING
VEST/NO VEST PRESS SCHEDULE

SHORT/LONG TERM EFFECTS INDICATORS/CONNECTORS
SHUT OFF VALVES
TRAPPED GAS
MASKS RETENTION CAPABILITIES
PULMONARY OVERPRESSURE AUTO/MANUAL TENSIONING
RAPID DECOMPRESSION MASK CAVITY PRESSURES
DELAYED EAR BLOCK BREATHING RESISTANCE
G-INDUCED ATELECTASIS PRESSURE COMPENSATION
SINUSES QUICK DISCONNECT WARNING
GITRACT COMFORT
THERMAL PRESSURE ENSEMBLES
TEMPERATURE MASK/VEST/G-SUIT
DURATION OF EXPOSURE PBA SCHEDULES
PROTECTIVE CLOTHING PBG SCHEDULES
POST EJECTION SCHEDULES
DUAL ANTI-G SUIT BLADDERS

SLEEVED VEST/VENOUS POOLING
FULLY ENCLOSED MASK/HELMET
ISOLATION VALVES

MASK/VEST DIFFERENTIALS

MAX ACCEPTABLE PROTECTION

PARTIAL-PRESSURE SUTTVENCLOSED HELMET

PRESSURE SCHEDULE 140 TORR ABS

FULL-PRESSURE SUTT/ENCLOSED HELMET
PRESSURE SCHEDULE 180 TORR ABS




Much of the rich scientific database on exposure to high altitude has been reported at annual meetings and

in journals. As a result of publication delays and limited attendance at the meetings, these reporting methods are
often inadequate for the dissemination of information. Furthermore, individuals may be expert and focused in one
topic area while relatively uninformed in areas interrelated with the specific topic field. One of the primary
objectives of this workshop is to more clearly define and update these interrelationships. This is a complex
challenge. It is anticipated that, following the workshop, a computerized matrix containing the interrelationships
between the items listed in Table 1 will be formulated and used in the future development of high-altitude
protective ensemblies and safety procedures.

Specific Workshop Objectives
To outline the rationale for operating at higher altitudes.
To define current life-support equipment capabilities.
To review and integrate the physiological and life-support requirements for increasing the operational altitude.
To establish physiological and safety limits.
To initiate development of an interrelated life-support matrix.
To identify operational research requirements.

To provide a timely publication covering relevant issues to prevent crew safety from becoming a limiting
factor in future high-altitude operations.

Sample Discussion Questions for the Workshop

What are the maximum +Gz limits that can be expected in high-performance aircraft at altitudes between
40,000 and 65,000 ft? What +Gz level causes operationally significant G-induced atelectasis?

What is the highest concentration of oxygen that can be used in high-performance aircraft as a compromise
between the safety aspects of +Gz induced atelectasis and the potential for hypoxia/decompression sickness
post RD?

What is the breathing gas composition in the lung during PBG at +9Gz in most of the newer mask/vest/anti-G
pressure systems?

What is the optimum size of the emergency oxygen system for ejection, as well as for smoke and suspected
contamination during stand-by and flight?

What are the actual free-fall times in an ejection seat from 60,000 feet? During ejection, do most of the newer
get-me-down pressure ensembles pressurize the trousers higher that the mask/vest? )

Is it necessary to install a 100% backup oxygen system in case of rapid decompression or is the pressurized
MSOC product gas adequate for short-term exposure to 60,000 feet? 65,000 feet?

What is the operational high-altitude limit for the mask/vest/anti-G suit ensemble considering the hypoxia and
DCS risks and remaining flight time to base? To what lower flight altitude should the aircrew be exposed for
the return flight? Does this limit take into consideration the potentially fatigued condition of the aircrew prior
to exposure to high altitude?

What is the feasibility of using a higher cabin pressure differential, e.g., 6-7 PSI, to reduce the DCS risk
associated with higher cabin altitudes and rapid decompression? What about the possible use of a two-pressure
cabin pressure controller, depending on whether the crewmembers were wearing the mask/vest/anti-G
ensemble versus a mask alone?

What are the maximum safe intrapulmonary pressures for pressure breathing with and without chest
counterpressure? Sustained and peak pressure breathing?




Are there significant ventilation/perfusion problems associated with PBA at high altitude?

What are the optimum regulator PBA schedules for the mask/vest/anti-G pressure ensemble? In case the vest
is not worn?

‘What are the maximum safe times for sustained pressure breathing between 30 to 80 torr?

What are the DCS risks and onset times at altitudes above 40,000 feet? After being exposed for long periods at
cabin pressures above 20,000 feet? After return to lower altitudes following RD?

® Should sleeved vests and full head helmets be required at altitudes above 65,000 feet? Can anyone envision a
comfortable and crew acceptable full-pressure suit?

® [s there a mission scenario that would require continued flight above 50,000 feet following decompression -
even for periods up to 10 minutes?

Does anyone anticipate a problem with ebullism with short exposures to altitudes above 60,000 feet?

Have PBA schedules in the get-me-down partial-pressure ensembles taken into account the aerodynamic
reduction in the cockpit pressure following rupture or loss of the canopy?

®  What are the training requirements for PBA? What training devices are available?

Discussion

COL. DIXON: Dr. Pilmanis, would you encourage the participants to make a prepared statement of certain issues
that they feel are most important to them?

DR. PILMANIS: Absolutely. We would also encourage those who present a specific topic area to make
recommendations and conclusions, and if there's consensus we can enter it directly into the proceedings.




F-22 Concept of Operations
Above 50,000-ft

Greg Neubeck, Major, USAF

Introduction

With the introduction of three new Soviet fighters in the 1980s, the Soviets have realized unprecedented
gains in tactical air power. In the early years of the 21st century, MIG-29, -31 and Su-27 fighters will be joined by
two potent newcomers, an air superiority fighter and a counter-air fighter. These new fighters are expected to
incorporate low observables, improved cockpit technology, striking improvements in maneuverability, and the
capability to sustain operations above 50,000 ft. Like their predecessors, these fighters will be able to fight
effectively at night and during bad weather. With advanced sensor systems, they will possess an all-important first-
look, first-shot capability against current fighters.

While the overall posture and actual numbers of the Soviet defense force may be slightly altered, we can
expect to see continued investment in research and development, as well as the fielding of new weapon systems in
the 21st century. Even if the Soviets make substantial reductions in their military expenditures, it is important to
remember that these cuts would begin from extremely high levels of force structure and production rates.

Clearly, there is a mandate for a viable air superiority capability. To excel in the perilous air combat arena
of the future, the US must fly a tactical fighter with unmatched abilities. That innovative aircraft is the Advanced
Tactical Fighter - ATF. This paper will address the F-22 balanced design concepts and why flight above 50,000 ft
is feasible and also necessary.

A Balanced Design

The F-22 project has incorporated a balanced design to foster affordability; enhance survivability,
increased reliability and maintainability; and stresses performance to achieve air superiority for the 21st century.
Upgrading current fighters would not be a more affordable solution than procuring the ATF. In fact, the ATF will
cost no more to own and operate than current air superiority fighters, and it will give Air Force and Navy tactical
forces vastly improved combat effectiveness. Current fighters, even with improvements, cannot approach the
combat effectiveness of the ATF. The process of upgrading F-14s, F-15s and F-16s with new engines, avionics and
weapons would be exceedingly costly. And one must not forget that the “modified” aircraft would require, among
other things, more replacement parts and higher logistics costs than the ATF. In fact, the long-term impact on the
budget for maintaining air superiority with the ATF is substantially less than upgrading today’s aircraft. An
affordable design also means sustaining operations in a high-threat environment by producing substantial kill
ratios in favor of the ATE. To accomplish this goal there are five areas critical to the design: stealth, acceleration,
supercruise, maneuverability, and radar detection range.

The ATF employs a mixture of revolutionary technologies that will enhance its survivability and
performance. The ATF’s stealthy attributes reduce significantly the range at which it can be detected. The fighter’s
contoured shapes diminish its radar cross section, while composite materials, special skins, and coatings absorb or
deflect radar energy. Thermal signature is also markedly reduced to decrease the likelihood of detection by infrared
sensors. The ATF’s stealth characteristics dramatically confound the enemy’s situational awareness and increase
the probability of tactical surprise. Success in aerial combat will be determined by whoever obtains the tactical
advantage--first look. Reduction in signature results in substantial gains in offensive potential and survivability.




At the heart of the ATF is the most sophisticated avionics architecture ever engineered for air-to-air (A/A)
combat. The aircraft’s electronic sensors detect, identify and react to multiple threats. In a combat environment,
the ATF’s integrated avionics will enable the pilot to avoid task saturation, freeing him to concentrate on the fight
at hand. Fully integrated avionics consolidate threat-warning and countermeasures, so defensive and offensive
systems work in unison. Stealth and supercruise set the ATF apart from any of today’s air superiority fighters, East
or West. The ATF’s unparalleled combat effectiveness arises from its ability to elude enemy radars while detectin g
A/A threats at ranges that will provide the F-22 pilot a critical tactical advantage with first-look, first-shot
capability. With the sophisticated air-to-air missiles carried in the ATF’s internal weapons bay, that first shot will
inevitably translate into a first kill.

With its supercruise capability, the ATF has superior acceleration and sustained energy in the transonic
region. Rapid acceleration to combat speeds will allow the F-22 to effectively separate from within visual range
(WVR) threat weapons envelopes. Acceleration, coupled with the ATF’s ability to vector thrust, will enable the
pilot to control the initial setup of the fight, maintain the offensive, and accomplish a quick kill. During air combat
maneuvers, the ATF will rely on its agility and nose-pointing authority to defeat the enemy. These are critical
attributes that could mean the difference between survival and failure.

The ATF will possess the ability to fly at supersonic speeds without the need for afterburners, which
means the ability to sustain high-speed flight without the same high fuel consumption required by conventional
fighters. The ability to sustain high speeds will allow the F-22 to minimize exposure time to surface-to-air missiles
(SAMs).

The F-22, using its advanced airframe design, control surfaces, vectored-thrust engines, supercruise
capability, and integrated avionics, will maintain the edge in close-in combat. The aircraft can kill from long
range, but if it enters into close-in combat, the F-22"s superior agility will provide US pilots with an important
advantage. The ATF will take the fight to the enemy at any time, day or night, low and high altitude, and in all
weather.

Why Go High

The ability to achieve the high ground has been an influence on fighter aircraft design since the beginning
of aerial combat. In World War I fighter aircraft flew to higher altitudes to allow for high-speed attack and
separation on an opponent at a lower altitude. Aircraft altitude limits during this time were due to aircraft
performance and the maximum altitude was 22,900 ft. By the time WW II began, aircraft were operating above
40,000 ft. For the first time, aircrews required life-support systems to allow operations at these altitudes for
extended periods of time. Once again, aircraft were pushing the combat ceiling higher and higher attempting to
achieve the advantage of the high ground.

The 1960s introduced the SR-71, the first aircraft to take off and land like normal aircraft but operate at
altitudes of 70,000 ft plus. The SR-71, dedicated to reconnaissance gathering over or near enemy territory, used
high altitude and high speeds to elude enemy aircraft and SAMs. Today’s conventional aircraft are limited to
operations below 50,000 ft due to limitations of life-support systems and aircraft engine performance. The MIG-25,
-31, F-22 and the new Eurofighter 2000 are now pushing the operating envelope beyond 50,000 ft, once again
competing for the high ground.

The F-22 will operate above 50,000 ft due to superior engine performance. The F-22 incorporates a
positive pressure breathing (PPB) system and full-coverage lower- and upper-torso G garments to provide the pilot
added G protection. These systems will also allow the pilot to operate above 50,000 ft for extended periods of time
under normal conditions and for brief times under cockpit depressurizations. The F-22 life-support system is
designed as a get-me-down system in a cockpit depressurization. It will allow the pilot to get down to safer
altitudes and reduce the chances experiencing decompression sickness.




The reasons to go high are driven by three areas: threat, weapons employment, and environment. The
threat is comprised of surface and air threats. The surface threat, comprised of SAMs and AAA, will impede the
progress of any conventional force. Eliminating or denying surface threats a chance to engage is key to survival
when crossing the forward edge of the battle area (FEBA). Conventional aircraft crossing the FEBA will have a
difficult time getting through; their survival will depend upon the use of their own self-defense equipment, as well
as relying on the help of airborne jamming assets and aircraft with SAM suppression weapons. The combination of
stealth, high-speed, and high-altitude operations will allow the F-22 to shrink some SAM weapon engagement
envelopes (WEZ) and totally neutralize others. This will also allow the F-22 to operate independently of support
assets thereby making employment more flexible.

The kinematic range of A/A missiles improves at the higher altitudes. Higher altitudes impose less drag
on missiles allowing them to maintain higher energy states and therefore increase their maximum kinematic range.
In contrast, a missile shot from a lower altitude at a higher altitude target must first climb through the denser
atmosphere imposing a higher drag on the missile. The combination of increased drag and the requirement of the
missile to climb to intercept the target reduces its energy early in the intercept and consequently reduces its
maximum kinematic range. The difference in launch ranges between high-to-low and low-to-high shots can be as
much as 6-10%. Therefore, aircraft will strive to get higher than their adversary to achieve a kinematic advantage
for their A/A missiles, which translates into achieving the first-shot and possibly the first-kill.

Nothing is absolutely invisible. The whole idea of low observables is to balance the design that factors in
all the detectable signatures. This paper has already discussed the benefits of the F-22’s stealth characteristics but
stealth also includes suppressing acoustic, electromagnetic, visual, infrared, and environmental effects. The
environment confronts pilots with many variables forcing them to make changes to their tactical game plan simply
based on the weather. The environment is incorporated in the tactical planning for every mission that is flown
regardless of whether it is training or combat. On a clear day an aircraft leaving a contrail behind can be seen for
hundreds of miles undermining the benefits of stealth. To take advantage of the high ground and maintain the
advantages of stealth aircraft, will have to climb above the contrails (cons). Figure 1 shows the average minimum
and maximum con levels for a particular area of the world. As can be seen, the highest con level occurs in the
summer months (up to and including 60,000- ft) and decreases during the winter months. Conventional aircraft
stuck below 50,000 ft will spend much of their time in the cons when operating at 40,000 ft and higher. This single
factor is very important to the overall tactical situation. The tactical situation dictates being undetected as the key
to success and therefore the cons should be avoided. If con penetration it required, it must be done quickly or far
enough away to preclude an enemy from witmessing the transition. There have been more A/A Kkills as a direct
result of a pilot gaining a tally (visual sighting) on his adversary than through the help of any other sensor
developed (i.e., radar). As much as we have spent on stealth technology, it could all be for naught if one F-22 was
canght in the cons and shot down.

There are disadvantages in going high: aircraft performance and Infrared (IR) sensors. In order to achieve
high-altitude flight above 50,000 ft, aircraft must use afterburner. Afterburner operations will use fuel at a faster
rate, consequently reducing flight duration time. Also, aircraft pay a great expense if aggressive maneuvering is
required to react to a threat. As an example, an aircraft executing a 4-g turn at 50,000 ft will lose 12,000 ft of
altitude. Aircraft operating at the higher altitudes must maneuver conservatively in order to remain there.

In a standard atmosphere, temperature and moisture decrease with increasing altitude. This effect lessens
infrared (IR) attenuation, improving the detection capability of an IR sensor. IR sensors can detect objects at
greater distances in the higher altitudes. Today, many foreign aircraft are using Infrared Search and Track Sets
(IRSTS) to detect aircraft by the heat source generated by their engines. As mentioned earlier, it takes afterburner
to achieve and sustain operations above 50,000 ft, which makes a stealth aircraft more vulnerable to detection by
an IR sensor. Designers continue to work to suppress the heat signature of an aircraft by diffusing or mixing the
heat source with the cooler outside air. However, IR signatures cannot be completely eliminated and the capability
to do so will continue to challenge designers for future aircraft.




Advantages of Going High
Environment - Contrails
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Figure 1. Contrail Level.
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Operating at Altitude

The SR-71 and U-2 placed early demands on life support systems to accommodate aircrews who flew at
70,000 ft plus. To sustain life in the hostile environment of the upper atmosphere, the only alternative for the pilot
was to usc a pressure suit. However, in the tactical environment of A/A combat, today’s pressure suits would not be
the answer. The life-support ensemble required to support the fighter pilot must be lightweight; provide good
mobility within the cockpit; protect the pilot under high G; not impair the pilot’s visibility; reduce heat stress;
protect against the chemical and biological threat; and allow the pilot to operate without impairment throughout
the limits of the aircraft, including sustained operations above 50,000 ft. Today’s life-support -ensemble does not
come close to meeting all these requirements. A life-support ensemble is needed that integrates all these
requirements into one package. Today’s technology has taken giant strides in providing highly maneuverable,
survivable, and lethal aircraft but the pilots flying the aircraft must do so with Viet Nam era equipment. Aircraft
designers normally place life support at the end of their list. Even if the aircraft can exceed the limits in altitude or
G of conventional aircraft, considerations must be taken to accommodate the pilot.

Pilots flying above 50,000 ft for extended periods of time will be introduced to the physiological problems
of decompression sickness (DCS). The longer the pilot remains at the higher altitudes, the chance of DCS
increases. DCS is caused following exposure to decreased pressure at high cockpit altitudes. The potential of
incapacitation and even death make DCS operationally significant. Sixty minutes at altitude can result in a 10%
chance of DCS. The questions currently being asked by the life support experts are: how long will a pilot remain at
altitude; will the pilot prebreathe 100% oxygen before operations above 50,000 ft occur; will the flight include
repeated transitions to and from the high-altitude arena; and what will the pilot do in a cockpit depressurization
situation?

Duration at altitude will depend upon fuel available to the aircraft prior to climbing. Refueling will
obviously extend the aircraft’s ability to sustain operations above 50,000 ft. Aircraft will climb to the higher
altitudes, cruise, descend to the lower altitudes to engage other threats using high-G maneuvers, then climb back
up to the higher altitudes to egress home. The transition to and from the high-altitude arena is dynamic and
unpredictable due to the nature of the tactical environment.

Prebreathing 100% oxygen denitrogenates the body and can prevent DCS, but it is time-consuming and is,
therefore, difficult to employ in fighter aircraft since it would deplete the aircraft’s limited oxygen supply. In the
case of loss of cockpit pressurization, the pilot will immediately descend to the lower altitudes on all training
sorties. No peacetime situation would require the pilot to stay at the higher altitudes. However, in combat the pilot
may elect to remain at the higher altitudes for a few more minutes allowing a separation from the threat below
before making the descent to a lower altitude. The risks of DCS and hypoxia at the higher altitudes with a cockpit
depressurization increases rapidly with time and exposure to the decreased pressure. However, these risks can be
offset by prebreathing 100% oxygen, increasing the PPB to higher levels, raising the cabin pressure from 5 PSI to 7
PSI, or wearing pressure suits.

It has already been stated that pressure suits would be impractical in fighter aircraft. However, increasing
the coverage of current G suits would increase the protection for the pilot. Increasing PPB levels would also be
impractical. Currently, the F-22 uses 70 mmHg to protect the pilot in cases of cockpit depressurization. Breathing
70 mmHg takes practice and is not something one becomes accustomed to after one attempt. PPB is a difficult task
and an increase in pressure above 70 mmHg would be extremely uncomfortable and difficult for any pilot. It is
therefore not a practical avenue to pursue.

In order to provide protection for the pilot and offset the effects of DCS in high-altitude flight profiles, as
well as in cockpit depressurization situations, future aircraft and life-support designs should look to increase
aircraft cabin pressure, increase G-suit coverage, and increase oxygen supply to make it practical to prebreathe.




Summary

The F-22 will fly and fight in the advanced radar network and dense surface-to-air missile environments
of combat throughout the world. It will use a first-look, first-shot, first-kill capability to detect and destroy enemy
fighters today and tomorrow. The F-22 is being developed to counter the increasing sophistication and threat of
hostile air superiority forces around the world. Its predecessor, the F-15, entered the Air Force inventory in 1975.
Threats that the F-15 can no longer counter will be defeated by the lethal and survivable F-22, with its balance of
increased speed and range, enhanced offensive and defensive avionics, and reduced observability. Emphasis on
reliability, maintainability and other effectiveness factors will keep the fighter flying in the harshest combat
conditions with quick combat servicing.

Aircraft will use high altitudes, high speeds, and stealth to transition through SAM defenses, or climbing
to increase the WEZ for their A/A missiles. As engine performance continues to advance, propelling aircraft
higher in altitude, there will be a continued drive to exploit the upper atmosphere to take advantage of the high
ground. The advances in technology have made quantum leaps in increasing the survivability and lethality of
aircraft through advances in stealth and integrated avionics. However, these advances in aircraft design have
placed demands on current life support equipment that cannot keep up. Life-support experts have been working
hard to provide protection for the pilot since WW 1. Future aircraft will continue to challenge them to stay ahead of
the physiological problems encountered with high-altitude operations. As aircraft continue to push the extremes of
the envelope, aircraft designers and life-support experts must work together to allow the pilot to survive and
operate in the hostile environment of high G, upper atmosphere, as well the surface and air threats looking to shoot
the aircraft down.
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Discussion

MAJ NEUBECK: In summary, a combination of speed, stealth, and high-altitude operations eliminates many
threats of interest and reduces the engagement envelope of many others, allowing an aircraft such as the F-22 to
transit heavily defended areas without being targeted. The high ground also allows an aircraft to achieve better
missile performance than an adversary stuck in lower altitude regimes. Aircraft with high-altitude performance
engines will have the advantage of sanctuary above the contrails.

Propulsion technology is advancing to support hypersonic flight regimes above Mach 5 and beyond for aircraft that
will transit to and from the battlefield using the upper atmosphere. Current weapons have a hard time maneuvering
in the thinner air environment, but with the advancement of thrust vectoring, propulsion and guidance systéms, the
capability to launch these weapons from very high altitudes to intercept even higher altitude targets will be a reality
by the turn of the century.

COL. SHERMAN: Are we going to be reviewing the physiological consequences of exposure to 60,000 or 65,000
feet or higher? There's quite a difference between 60,000 and 70,000 and 80,000 feet.

DR. PILMANIS: We selected 60,000 feet as a starting point and plan on discussing incrementally higher altitudes.

LT. COL. DEMITRY: The users are looking for the cost-to-benefit relationship for every 2,000 or 3,000 feet. I
think all would agree that every little change in altitude above 60,000 feet will make a big difference. At these
altitudes, it's actually more important to the physiologist than it is to the engine manufacturer who can push the
aircraft another 4,000 to 5,000 feet just by decreasing weight or increasing thrust. It's a much more linear
relationship for them than it is for a biosystem. One of the modeling tools in the strategic planning process is: how
much more is it going to cost me in terms of protection with every 5,000 feet? I don't think we're going to be able
to give you much more of an altitude range, unless you can, Maj. Neubeck.

MAJ. NEUBECK: No, I really can't give you a better number. The aircraft will go in excess of 60,000 feet.
LT. COL. DEMITRY: The information can be used in other applications besides the F-22.

COL. STORK: There tends to be increased emphasis on long-range strike and the employment of standoff
weapons. How do these concepts change air superiority requirements and crossing the Forward Edge of the Battle
Area (FEBA)? Are we going to have to cross the FEBA and be concerned about the SAMs as much in the future as
we have in the past?

MAJ. NEUBECK: I think we'll always be required to have the capability of long-range strike. The job of the B-2
and the F-117 is to go beyond the FEBA. We're going to need to take out the SAMs for conventional aircraft to go
beyond that area. As far as air superiority having to go that far, wherever the Army goes, that's where the
air/ground battle will be. I think we're always going to need the capability to go to deep interdiction based on
whatever threat we're trying to put down. Based on stealth alone, the F-22 can get through a lot of SAMs. If you
add high speed and high altitude, more of the SAMs will be climinated and the capabilities of quite a few more
will be reduced. So, stealthy aircraft, flying faster at higher altitudes, will allow you to more safely penetrate a
greater number of SAM belts.

COL. STORK: Then, should most of our emphasis be placed on the air superiority role, since most other aircraft
are not going to have the need to be above 60,000 feet?

MAJ. NEUBECK: There are few threats that can get to that altitude, and they are limited in what they can carry.
Most can't get there with their full complement of air-to-air ordnance. The threat that we see right now at 60,000
feet is not an air-to-air threat, but taking out an enemy reconnaissance aircraft. Except for the MIG-25 and -31,
there is no air-to-air threat at high altitude.

11




DR. ACKLES: Is this a combination of high G and high altitude or just high altitude?
MAJ. NEUBECK: You really can't pull very many Gs at high altitude.
DR. ACKLES: I know, but what is the aircraft capability at low altitude?

MAJ. NEUBECK: It's a 9G aircraft. You have an aircraft that can transition to high altitude in a tactical situation.
We may need to go high and fast over a SAM belt to engage the air-to-air threat. So you've got an aircraft that has
the engine performance to go high and fast and you can turn at 9 Gs at low altitudes. It's got the benefits of both.

DR. STOLP: How long, would you say, would you be at altitudes above 60,000 feet? Can you give us a rough idea?

MAJ. NEUBECK: You can get above 50,000 feet with supercruise and military power, but to remain there you've
got to select afterburner and that's going to cost you fuel. However, you're obviously not burning as much fuel at
the higher altitudes as you are the lower altitudes. Its difficult to give you a timeframe, because you can carry
additional fuel and sustain operations for quite a long time above 50,000 fect. If we are just considering getting
through a SAM belt, employing weapons above the contrails or descending through the contrails to engage other
aircraft, you would probably not be at those altitudes very long. The initial high-altitude run that provides a tactical
surprise against the air-to-air threat is what we really need to look at.

COL. SHERMAN: It is not how long you're going to be above a certain flight altitude that is important, but
whether the cabin pressure is maintained. What we're concerned about is loss of pressure at these higher altitudes
and what actions we need to take after the decompression. Do we tactically need to remain at the higher altitudes
after loss of pressure or can we roll out and let our partners continue the fight? In the high-altitude reconnaissance
business, the aircrew are required to remain at altitude. So I think the key is that we're not concerned how long the
pilot stays at what altitude, as long as the cabin pressure is maintained. What we're concerned with is loss of
pressure, which hopefully is rare, what we need to do at that point and how long are we going to have to stay there.
In my opinion, that should be the driving force for this gathering.

LT. COL. DEMITRY: The engine-specific fuel consumption will go up exponentially if we go into afterburner, so
that would decrease time on station for the aircraft. As far as loiter capability, can the aircraft sustain extended
periods of operation at high altitude?

MAJ. NEUBECK: That would be difficult to do because you're now talking about a lot of turns in a specific
location to stay in a geographic area.

LT. COL. DEMITRY: Then you don't have the turn capability.
MAJ. NEUBECK: You're talking about a fairly large turn which would cut down your time on station.

LT. COL. DEMITRY: Okay, so you really don't envision going high to reduce fuel consumption in order to stay for
an extended period, even though you're not in a supercruise regime?

MAJ. NEUBECK: No, you've got to go to burner to remain higher. It's going to cost you.

DR. ACKLES: I'm assuming that the F-22 has a 5 PSI cockpit differential?

DR. SEARS: Yes.

DR. MOON: As a pilot, could you comment on use of or acceptability of a fully pressurized suit?

MAIJ. NEUBECK: I would be interested in looking at a pressure suit if it didn't impair my visibility, provided me

with protection t0 9 Gs, reduced heat stress, is comfortable and functions with all the newer life-support and
display systems. We're currently dealing with night-vision goggles and helmet-mounted display systems that all

12




add weight to the head. These systems must now be integrated into a fully enclosed helmet. It would be a challenge
to design such a system. We're just now fielding COMBAT EDGE equipment and ATAGS will be ficlded in the
next few years. We've got a long way to go, just for the basic stuff we have right now.

DR. BOMAR: You’'ve indicated that we have several aircraft in the inventory that are capable of going above
50,000 feet. We've basically got a 47,000 foot oxygen system in those aircraft. From your F-15 experience, what do
you think the current risk is in terms of pilots now flying at or above 50,000 feet?

MAJ. NEUBECK: The threat right now, going to altitudes of 50,000 feet and above? I would expect that if an
engine or an ECS fails, the guy is probably going to become hypoxic.

DR. BOMAR: Is 50,000 feet a practical altitude for maneuvering now in an F-157

MAJ. NEUBECK: You bet. You have that in either the F-16 or F- 15; anyone flying a fighter that can get high will
do so. You have a pilot that knows the operational limit is 50,000 feet, but if he believes that the guy on the other
side won’t detect them at a little higher altitude, he'll go higher.

DR. BOMAR: That is very important. The operational limit for the oxygen system in current aircraft is 47,000
feet; the emergency limit is 50,000 feet. The oxygen system that we have in current aircraft provides very poor
protection at 50,000 feet. The ECS systems are not as robust in these aircraft as you're planning for the F-22. If
people are now flying above the operational ceiling in current aircraft, and we design a system for 60,000 feet, can
we expect that they will routinely fly above 60,000 feet in future operations? If so, we are leaving them exposed to
a hazardous condition by a lack of knowledge regarding future operational scenarios.

MAJ. NEUBECK: You have guys flying at 50,000 feet every day, so they're there now.

DR. MACMILLAN: It's the cabin altitude that is important following the decompression, i.e., acrodynamic suction
will likely cause the cabin altitude to be higher than the flight altitude after loss of pressure. That should be
considered in any decision establishing protective requirements.

DR. ACKLES: As a research community, we frequently have had difficulty getting involved in aircraft
development programs in a timely manner. The F-22 has been one of the best programs to be involved in, from the
standpoint of crew protection and integration, but we need to be prepared to train the aircrews for the risk(s) that
they may be exposed to at these higher altitudes. Colonel Sherman directs physiological training for the USAF and
before we have an initial operating capability for this aircraft, we need to be able to train the aircrews like the UK
has done for years. So we need to be involved in the training plan for the weapon system as early-on as possible.

PROF. ERNSTING: I'd just like to go back to the question that was asked earlier, which I think is of great concern
to us all, what do you propose to do in this airplane if you do lose pressure at high altitude? If you actually lose
cabin pressure at high altitude, do you propose to come down below 40,000 feet, or 30,000 feet in the operational
scenario?

MAJ. NEUBECK: I believe you're going to descend to that level necessary to maintain consciousness, even if the
lower altitude will expose you to an encmy threat.

PROF. ERNSTING: Yes, so you're letting the aeromedical considerations drive the maximum altitude to which you
descend on loss of cabin pressure?

MAJ. NEUBECK: That's really a driving factor for all of our planes.
COLONEL MARLOWE: What kinds of loiter times are you expecting at 60,000 feet?

MAJ. NEUBECK: You're probably not going to loiter at 60,000 feet. You're probably going to transition over a
high-threat environment at 60,000 feet, so your time at that altitude will not usually be very long. I really don't
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have any numbers for you, but whatever that transition time is for maybe 300-400 miles. When someone brings up
the word "loiter”, that means I'm in a fixed geographic location directed by AWACS and I have to maintain a
station. In that case, I'm probably going to be around 30,000 feet where I can conserve my gas and not hamper
aircraft performance.

COL. WORKMAN: I have brought with me the next generation full-pressure suit, the S1034, that we are bringing
into the inventory for the U-2 community. I think it will give the group an opportunity to frame some thoughts
relative to Maj. Neubeck’s comments on visibility, weight, and maneuverability, and just sec what the current state
of pressure suit technology is today.
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USATF Life Support Development Efforts--1995

Martin J. Clement, Lt Col, USAF

Introduction

This paper highlights the activities in the USAF Life Support Systems Division of the Human Systems
Center at Brooks AFB, Texas. Our primary mission is to develop and field the next generation of aircrew life-
support equipment. Each of the funded programs under development, as well as new efforts awaiting user direction
and funding, will be detailed. The focus, however, is on the physiological aspects of several of our key programs. In
the Life Support Systems Division, we have four integrated product teams, each working user-supported and
funded development initiatives. These programs are: COMBined Advanced Technology Enhanced Design G-
Ensemble (COMBAT EDGE), Universal Water Activated Release System (UWARS), Night Vision Systems, and
Active Noise Reduction. Each of these programs is in a different stage of the development process. Following the
information on the four major programs is a brief outline of projects in our advanced projects and planning area. A
discussion of our role as prime USAF integrator of life support equipment, to develop and field equipment that
meets multiple needs simultaneously, wraps up this brief expose.

Part 1: Programs in Engineering and Manufacturing
Development (EMD)

Our highest visibility program, COMBined Advanced Technology Enhanced Design G-Ensemble
(COMBAT EDGE), is being fielded in USAF tactical fighters (F-15s and F-16s) to reduce the occurrence of G-
induced Loss of Consciousness (GLOC). COMBAT EDGE has its roots in the Tactical Life Support System
(TLSS) demonstration/validation program in the mid-eighties. In 1988, following numerous F-16 GLOCs, the
Tactical Air Command (now Air Combat Command) commander ordered expedited fielding of certain components
of the TLSS program. This assemblage of equipment acquired the moniker of COMBAT EDGE. Deployment to all
USAF F-16s is complete, with the modification and outfitting of F-15s to start in September of this year. COMBAT
EDGE provides positive pressure breathing that, in lay terms, primarily makes it easier to perform an anti-G
straining maneuver. This effectively reduces fatigue and allows the pilot to concentrate on fighting. Components of
the system include both aircraft and manside hardware. The aircraft installation includes a new oxygen regulator
connected to the high-flow G-valve with a sense line. This controls the pressure ratio between the lower G-garment
and the oxygen flow pressure to the mask and the counterpressure vest. The manside hardware includes a new
high-pressure mask, counterpressure vest, an integrated terminal block for the hose connections, and occipital
helmet bladder to tension the mask to the face under positive pressure breathing. Based on operational test and
evaluation comments, the mask is undergoing design changes to improve field of view and valsalva. Currently,
COMBAT EDGE is not hardened to operate in a chemical warfare environment. One of our new project efforts
with the Armstrong Lab is to demonstrate the concept of chem-hardened PBG. More on that later in the new
projects area. The US Navy is in the final stages of its evaluation to outfit F/A-18s with Navy COMBAT EDGE. In
the early stages of their assessment we were working with them to outfit their test aircraft. The Navy COMBAT
EDGE is essentially the USAF system with the addition of a chest-mounted regulator and the new Navy version of
an increased coverage lower G-garment. The counter pressure vest will be part of the F-22 ensemble.

Another of our small programs, but for us a major effort, is the Universal Water Activated Release
System. This is a water-activated parachute riser release device for the incapacitated or unconscious aircrew. The
term universal applies to the type of parachute fittings in the USAF inventory. UWARS replaces a larger device
that is not compatibie with all USAF fittings, does not have a built in test capability, and is nearing the end of its
useful service life. During the development of this state-of-the-art pyrotechnic device, there were numerous
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engineering challenges to overcome: battery power requirements and characterizations to meet the environmental
requirements, and "leading edge technical” circuit problems. These were resolved by aggressive management and
contractor oversight. On both of these issues we led the contractor to the design fix and helped engineer the
solution. The system is in the final stages of operational testing and, following successful completion, we expect to
start producing them with deliveries in 1996.

Our flagship development program is the Night Vision Systems effort. The purpose of this program is to
engineer and field the first US ejection compatible image intensifying device for fast moving aircraft. Most USAF
MAIJCOMs are involved, as well as the US Navy and Marines. The equipment will also be targeted for use in
helicopters and transports for long-duration missions. Our strategy called for evaluating two contractors with
different approaches to translating the intensified image to the eyes. The Type I (direct view) and Type II
(combiner lens arrangement) systems both went through the design phase and subsequent downselect evaluation.
The direct view system was selected and is continuing in the next phase of our program, which consists of
development test and evaluation. Benefits from this new device will be: lighter weight than currently fielded,
complete logistics support system, and included ejection compatibility. This last phrase is our most difficult
concept to address--ejection compatibility. Trying to define the parameters of this interface is difficult at best.
Considerations include safe head center-of-gravity positioning, neck strength of men and women, timing for
release of the device prior to ejection, and subsequent travel of the device when the windblast effect occurs, We are
in the process of establishing a safety advisory group of recognized experts in the appropriate disciplines to help us
get our arms around this issue. Initial operating capability is slated for 1998.

The last of our programs formally in the engineering and manufacturing development category is the
Active Noise Reduction (ANR) system. Originally a Strategic Air Command requirement for bomber and tanker
aircraft in the late 1980s, but following the subsequent consolidation of the MAJCOMs, it was dropped by Air
Combat Command. In 1991 our special operations command, AFSOC, re-wrote the requirements documents for
their helicopters and transport aircraft. ANR program goals are to improve communications through better speech
intelligibility, minimize fatigue from noise exposure, and reduce temporary and permanent hearing loss.
Technically, the device senses the noise pressures in the earcup and generates an out-of-phase shifted signal to
reduce the noise levels to the ear. It provides attenuation in the lower frequency ranges (below 1000 hertz). We are
anticipating widespread user interest following initial fielding, when the intangible benefits will be recognized.
The F-22 helmet incorporates the use of this device and other services are looking at this and other noise reducing
systems. Initial capability for the system will be in 1996. A lightweight helmet is a necessary starting point for
ANR use in fighters, as this system, in its current configuration, adds a half of a pound to the helmet weight.

Part 2: Projects in Early Stages of Development

Part of our organization works with the labs and users on promising technologies to address anticipated
user needs or to complete the development of new capabilities for increased combat effectiveness. These activities
are more properly addressed as "projects” as we await requirements documents, funding, and direction to formally
proceed as a program. This list of projects includes: the Advanced Technology Anti-G Suit (ATAGS), COMBined
Advanced Technology Acceleration/ Chemical Ensemble (COMBAT ACE), laser eye protection (LEP), and the
ACES II ejection seat continuous improvement program.

Another item with family lineage from the Tactical Life Support System (TLSS), which holds significant
promise, is the full-coverage lower anti-G suit, ATAGS. At the time COMBAT EDGE was pulled out of TLSS, the
anti-G suit was still in need of refining. ATAGS was originally conceived to work in concert with positive pressure
breathing. It complements COMBAT EDGE extremely well, providing better return of blood from the lower
extremities. This enhances positive pressure breathing capability to keep the oxygenated blood at brain/eye level.
Over the last several years it has gone through engineering updates, an early operational assessment in F-15s and
F-16s, and bundreds of hours of centrifuge tests. The project officially transitioned from the 1ab to our program
office in early 1993 awaiting user requirement documentation and funding. It is projected to replace the current
anti-G suit, which has been in the inventory since the end of World War II. The current plan is to finish the

16




engineering development "in house,” then go to industry competitively to produce anti-G suits for operational test,
followed by production. We are expecting to kick-off the program, with a user requirement, funding, and direction,
sometime in 1996. ATAGS is the lower body anti-G suit for the F-22.

COMBAT ACE, yet another concept from the TLSS early development program, is to provide chem-
defense capability for positive-pressure-breathing-equipped aircraft. Now that COMBAT EDGE has been fielded to
address G-Induced Loss of Consciousness, the next logical step is to harden it for chemical warfare. The chest
counter-pressure garment is being modified for chemical warfare by the F-22 program office. We are working
through the lab on a task order contract with Boeing to resolve the deficiencies of the TLSS chemical-defense
ensemble. This potential system may have future application in the F-22 as well as the F-15s and F-16s. There is
no user direction, requirement, or funding for this project, but there is significant interest, as combat-ready units
have recognized the need for PBG chemical-defense protection.

The laser eye protection issue has been around for the USAF since the late 1980s. Early hardware, fielded
under urgent requirements in 1987, does not integrate well with the glass cockpit displays we have today. It is also
out of production, and does not protect against all projected threats. We have been working closely with the
Armstrong Lab and the operators who are interested in a quick fix to the instant "buddy lasing” problem. The
technology most readily available is the absorptive dye-based technology. Should an urgent need be established by
the users, we would be initiating a quick turn program to meet their needs. In the long term there are other
technologies being tracked, holographic and agile protection. Laser eye protection is similar to chemical defense:
as soon as the user validates the threat and makes this a requirement, and even more importantly provides the
funding, we are ready to do the programmatics to field the systems.

The last area in which we are involved is improving the ACES 1I ejection seat. There are many safety
features that could be explored for incorporation into the seat through retrofit. However, these upgrades must be
thoroughly designed and tested. Recent mishaps have highlighted the need to address this critical life-saving
system with the latest in technology to improve its capability. This seat is going to be in the inventory for a long
time and needs upgrades to provide adequate safety margin for our high-performance aircraft. The ACES II is an
outstanding seat with a high success rate, but there are still technologies that could be applied to make it a better
egress system. The fourth generation work being done in the lab at Wright-Patterson Air Force Base is
demonstrating some of these technologies that should be assessed for ACES I retrofit to enlarge the envelope of
this seat to more closely match the performance envelope of high-performance aircraft.

Summary

As the lead agency for development of life-support systems equipment for the USAF, we are charged with
integrating individual pieces of equipment to meet multiple requirements. Historically, our approach has been to
design and develop each piece of equipment as part of an integrated whole, but in a modular fashion--wearing only
those items required to accomplish the mission. This is a challenging task given the vagaries of human
anthropometry and equipment fitting, lack of acceptance by the users of certain threats, lack of sufficient
development and production funding, minimal user interest in something that is not glamorous like a new airplane,
and having separate contracts to manage each system. This does not lend itself to ideal integration of hardware, but
under the circumstances with minimal interest and funding, there is no other alternative. We are developing a
concept for the future that again finds its family roots in TLSS. This composite suite of hardware will meet the
needs of the tactical fighter community of the present and future.
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Discussion

CAPT. SCOGGINS: Do you make a distinction between programs versus projects? Are there significant
differences?

LT. COL. CLEMENT: Current programs are those efforts where we have established integrated program teams
based on user requirements and funding to develop a specific piece of equipment. The projects are not currently
user funded and the requirements documents are either in work or being developed.

DR. PILMANIS: For the record, why do you not have a high-altitude protection program?

LT. COL. CLEMENT: Right now the F-22 is the only program I know of, other than the U-2, that has a firm high-
altitude requirement. We are working with the F-22 program office who does have an ongoing program for
protection to 60,000 feet, but we don't have a requirement for high-altitude protection at this time. They're trying to
provide protection for high altitude, high G, thermal and chemical/biological agents. We aren't doing that right
now. As regards pressurized systems, we only bave requirements for the Combined Advanced Technology
Enhanced Design G Ensemble (COMBAT EDGE), Advanced Technology Anti-G Suit (ATAGS) and Combined
Advanced Technology Acceleration/Chemical Ensemble (COMBAT ACE ) efforts, and mostly for retrofit into F-
15 and F-16. We're also working in conjunction with the F-22 program office to supply them equipment for lower
altitudes.
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Hypoxia Prevention -- Review of Acceptable Compromises
Prior to Decompression

John Ernsting, Prof., Air Vice Marshall RAF (Rtd),
Ph.D., MRCP, FRCP, MFOM

Introduction

The cabins of high-performance agile aircraft are pressurised during flight in order to provide an
acceptable pressure and thermal environment for the crew. In these aircraft, hypoxia during flight is prevented by
delivering to the respiratory tract gas containing the appropriate concentration of oxygen in relation to cabin
altitude. Whilst the use of 100% oxygen during routine flight has certain advantages, it also has disadvantages that
have led many air forces to employ breathing systems that provide a mixture of oxygen and air. Furthermore, the
recently introduced molecular sieve oxygen concentrator systems generally provide breathing gas containing
nitrogen and argon as well as oxygen. Hypoxia is the most immediate and serious hazard that follows failure of the
pressure cabin of such an aircraft flying at high altitude. Prevention of hypoxia on exposure to pressure-altitudes
above 40,00-43,000 feet requires the immediate provision of breathing gas containing 94%-100% oxygen at an
appropriate absolute pressure (7).

Amongst others, the author has reviewed the factors that influence the relationship between the
concentration of oxygen in the inspired gas and cabin altitude on several occasions (5, 9, 10, 11). The compromises
between the degree of hypoxia and level of pressure breathing when using partial-pressure suits that employ
oronasal masks have also been studied extensively (2, 7, 21). Some of the results of these studies have been
embodied in standards published by the Air Standardisation Coordination Commitiee (Air Standards 61/101/6A
and 61/101/1C)(1) and by the NATO Military Agency for Standardisation (STANAG 3865) (23). This paper
reviews the physiological and operational factors that determine the relationship between the concentration of
oxygen in the inspired gas and cabin altitude in agile combat aircraft when the cabin is pressurised.

Most present agile aircraft, and those that are to be introduced into operational service in the next few
years, employ a cabin pressurisation schedule in which the maximum differential pressure of 5.0 Lb in? is
operative at aircraft altitudes above 23,000 feet. Several physiological considerations influence the requirement for
the composition of the gas to be delivered to the respiratory tract during pressurised flight. In conventional aircraft
oxygen systems, the diluent gas is virtually entirely nitrogen since the 100% oxygen from the aircraft store of
gaseous or liquid oxygen is diluted with cabin air before delivery to the mask. The performance of presently
available molecular sieve oxygen concentrators is such that the product gas contains argon as well as oxygen and
nitrogen. The maximum concentration of argon in the product gas does not exceed 5-6%. Laboratory studies (3)
have shown that in these low concentrations, argon has no specific physiological effect and can be regarded in this
context solely as a diluent gas.

Minimum Concentration of Oxygen
to Prevent Hypoxia in the Pressurised Cabin

The concentration of oxygen in the inspired gas must be adequate to prevent significant hypoxia. Ideally, the
concentration of oxygen should always be such that the partial pressure of oxygen (PO;) in the alveolar gas is
maintained at or above the normal value associated with breathing air at ground level, i.e., 103 mm Hg (Figure 1). This
minimum standard should always be employed where the quantity of available oxygen allows it. Greater economy in
the use of oxygen can be achieved by providing a lower concentration of oxygen than that required to maintain an
alveolar PO, of 103 mm Hg. The review performed in 1978 (9) and subsequent studies (Farmer, personal
communication) have supported the conclusion that the minimum acceptable alveolar PO, for the crew of
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Figure 1. The relationships between the concentration of oxygen in the inspired gas and the pressure-altitude
within the pressurised cabin [cabin altitude] required

i
i

to maintain an alveolar PO; of 103 mm Hg i.e., equivalent to breathing air at ground level [GL Equiv]
to produce an alveolar PO, of 30 mm Hg on an instantaneous decompression from the cabin altitude
indicated on the X axis of the figure to the cabin altitude/absolute intrapulmonary pressure indicated by
the broken horizontal curves [final cabin altitudes of 30,000, 35,000, 37,500 and 40,000 feet and final
intrapulmonary absolute pressures of 141 mm Hg (40,000 feet curve) 125 and 110 mm Hgl].

to ensure, with a cabin pressure differential of 5 Lb in?, that an instantaneous decompression from the
cabin altitude indicated on the X axis, the alveolar PO, immediately after the decompression will be 30
mm Hg when

a using a pressure breathing system which provides a breathing pressure of 30 mm Hg gauge at
50,000 feet [50,000 FT; 30 mm Hg]

and

b. using a pressure breathing system which provides a breathing pressure of 70 mm Hg gauge at

60,000 feet [60,000 FT; 70 mm Hg]
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an agile combat aircraft is 75 mm Hg, which is the alveolar PO, associated with breathing air at an altitude of
5,000 feet. It is now accepted practice (Air Std 61/101/6A (1) and STANAG 3685 (23)) to provide an oxygen
concentration that will maintain alveolar PO, of at least 100-103 mm Hg at all cabin altitudes when the cabin is

pressurised.

Many aircraft molecular sieve oxygen concentrator Systems include one or more oxygen sensors that
monitor the concentration or partial pressure of oxygen and provide a signal in the event that the oxygen
concentration of the product gas falls below an acceptable level. In order to avoid spurious warning of an
inadequate oxygen supply and yet ensure an early warning of possible impending hypoxia, it has become accepted
practice to set the oxygen sensors to maintain the alveolar PO, between 75 and 103 mm Hg (i.e., equivalent to
breathing air at an altitude between ground level and 5,000 feet) when the concentration of oxygen in the product

gas is between the limits required.

Minimum Concentration of Oxygen Required
to Prevent Hypoxia on a Subsequent Rapid Decompression

A further important factor that influences the relationship between the minimum concentration of oxygen
in the inspired gas and cabin altitude when the cabin is pressurised is the requirement to prevent impairment of
performance due to hypoxia following a decompression of the pressure cabin at high altitude (6, 9, 13). If the
inspired gas breathed with the cabin pressurised contains a significant concentration of nitrogen, then hypoxia may
well follow a rapid decompression to altitudes above 30,000 feet, even if 100% oxygen is breathed from the instant
at which the decompression occurs, and the intrapulmonary pressure does not fall below 125 mm Hg absolute. The
fall of the total pressure of the alveolar gas produced by the rapid decompression will produce a concomitant
reduction of the alveolar PO, that will increase after the decompression as the 100% oxygen in the inspired gas
progressively reduces the concentration of nitrogen in the alveolar gas. Extensive experimental studies (9, 13) have
demonstrated that if the alveolar PO, is reduced to below 30 mm Hg in these circumstances even for only a few
seconds, then the consequent transient hypoxia will produce a significant impairment of mental and psychomotor
performance. If the magnitude of the area enclosed between an alveolar PO, of 30 mm Hg above and the time
course of the alveolar PO, below exceeds 140 mm Hg sec, then the individual will almost certainly (95% chance)
become unconscious (8). Between the limits of 0 to 140 mm Hg sec, the decrement of performance at a choice
reaction task was found to be proportional to the magnitude of the area bordered by PO, of 30 mm Hg above and
the time course of the alveolar PO, below (8). The breathing gas delivery system should therefore prevent the
alveolar PO, falling below 30 mm Hg during and subsequent to a rapid decompression.

The major factors determining the minimum value of the alveolar PO, immediately after a rapid
decompression are the initial and final absolute pressures of the alveolar gas and the composition of the gas
breathed before and after the decompression. Assuming that 100% oxygen is delivered to the respiratory tract
immediately after the decompression occurs, the alveolar PO, can be prevented from falling below 30 mm Hg by
ensuring that the gas breathed before the decompression contains an adequate concentration of oxygen. Assuming
that no gas is inspired during a rapid decompression and that the magnitude of any exchange of oxygen between
the alveolar gas and the blood flowing through the lungs will be insignificant, then the alveolar PO, at theend of a
rapid decompression is given by equation 1.

Final PAO, = Initial PAQ, x (PF-47) Equation 1
(P1-47)
where:
Initial PAO, = Alveolar PO, before the rapid decompression
Final PAO; = Alveolar PO, immediately after the rapid decompression
PI = Total alveolar gas absolute pressure before the rapid decompression in mm Hg
PF = Total alveolar gas absolute pressure immediately after the rapid decompression in mm Hg
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Equation 1 may be used to calculate the value of the alveolar PO, required before the rapid
decompression, for given values of the initial and final pressures of the alveolar gas, to produce an alveolar PO, of
30 mm Hg immediately after the rapid decompression (10). It is then possible to calculate, using the Alveolar Gas
Equation, the concentration of oxygen in the inspired gas required to produce the calculated alveolar PO, before
the rapid decompression, having made assumptions as to the values of the alveolar PCO, and the respiratory
exchange ratio. The concentrations of oxygen required in the inspired gas to produce an alveolar PO, of 30 mm Hg
immediately after a rapid decompression from a given initial cabin altitude to a given final cabin altitude [total
absolute alveolar gas pressure at final cabin altitudes above 40,000 feet] are indicated by the interrupted curves of
Figure 1. The relationship between initial cabin altitude and the final cabin altitude is determined by the
pressurisation schedule of the cabin of the aircraft. The final alveolar gas pressure (PF) is determined by the safety
pressure/pressure breathing characteristics of the breathing gas delivery systems. Thus the curve relating the
minimum concentration of oxygen in the inspired gas to cabin altitude before a decompression required to prevent
the alveolar PO, falling below 30 mm Hg immediately after the decompression will depend upon the cabin
pressurisation schedule of the aircraft and the safety pressure/pressure breathing characteristics of the breathing
gas delivery system.

The minimum inspired oxygen concentration-cabin altitude curves for two commonly used pressure-
breathing systems employed in an aircraft with a cabin pressure differential of 5 Lb in™ at aircraft altitudes above
23,000 feet are presented in Figure 1. Both of these pressure-breathing systems commence pressure breathing at a
cabin altitude of 40,000 feet and deliver oxygen at an absolute pressure that falls linearly with the reduction of
environmental pressure at altitudes above 40,000 feet. One system, comprised of a pressure-breathing mask
without counterpressure to the body, employs a breathing pressure of 30 mm Hg at 50,000 feet, which provides an
intrapulmonary pressure of 117.5 mm Hg absolute at 50,000 feet (7). The other system, comprised of a pressure
breathing mask with counterpressure to the trunk and lower limbs, employs a breathing pressure of 70 mm Hg at
60,000 feet, which provides an intrapulmonary pressure of 124 mm Hg absolute at 60,000 feet (7). It may be seen
from Figure 1 that the minimum concentration of oxygen required in the inspired gas to prevent significant
hypoxia being induced by the rapid decompression is greater than that required to maintain an alveolar PO, of 103
mm Hg in the steady state at cabin altitudes above 16,000 feet. The concentration of oxygen required in the
inspired gas at cabin altitudes above 16,000 feet is greater with the pressure breathing system that employs a
breathing pressure of 30 mm Hg at 50,000 feet than the system that employs a breathing pressure of 70 mm Hg at
60,000 feet. Increasing the differential pressure of the cabin above 5 Lb in™ will shift both these curves in Figure 1
to the left (12).

Recent studies have confirmed the magnitude of the transient hypoxia associated with the alveolar PO,
falling below 30 mm Hg on rapid decompression and the value of increasing the concentration of oxygen in the
inspired gas breathed before a rapid decompression (16). It is now accepted practice (Air Std 61/101/6A(1) and
STANAG 3865(23)) to require that the minimum concentration of oxygen in the inspired gas shall be such as to
prevent the alveolar PO, falling below 30 mm Hg on rapid decompression of the cabin when 94-100% oxygen is
delivered immediately after the decompression.

The importance of the immediate delivery of 100% oxygen to the respiratory tract on rapid decompression
to a final altitude exceeding 30,000 feet is recognised in the current standards (1, 23). These require that the
concentration of oxygen in the inspired gas shall rise to at least 94% when no more than 0.6 litre (ATPD) of gas
has been inspired following the beginning of the rapid decompression. This requirement is met by conventional
pressure demand air dilution regulator systems provided that the volume of the hoses between the outlet of the
regulator and the inlet valve of the mask is less than 0.6 litre (a requirement that is easily fulfilled when the
pressure demand regulator is mounted either on the ejection seat or the torso of the occupant). Special attention has
to be paid to this requirement in molecular sieve oxygen concentrator systems even when a source of 100% oxygen
is selected automatically on a rapid decompression as the cabin altitude exceeds 25,000 feet. Significant quantities
of nitrogen can be trapped in such systems in the pipework between the Emergency/Back Up Oxygen Supply and
the pressure demand regulator. Recent studies have confirmed the requirement to ensure that the oxygen
concentration in the inspired gas rises to 100% before 0.6 litre (ATPD) of gas has been inspired during and after a
rapid decompression. Failure to deliver 100% oxygen until 1.0 - 1.1 litre (ATPD) of gas had been inspired
produced unacceptable transient hypoxia on rapid decompression to an absolute pressure of 122 mm Hg (16).
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Breathing 100% oxygen before flight or from the commencement of flight at cabin altitudes up to at least
20,000 feet significantly reduces the incidence of severe venous gas emboli and overt decompression sickness
following decompression to a higher altitude (27). Although the symptoms of decompression sickness occur very
rarely in current combat aircraft operations, the possibility of extended duration flights at cabin altitudes above
15,000-18,000 feet has led to the suggestion that pilots of combat aircraft should breathe 100% oxygen throughout
flight in order to reduce the hazard of serious decompression sickness arising eitber during high-aititude flight or
after decompression of the pressure cabin at high altitude (27). Whilst there is no doubt that breathing 100%
oxygen throughout flight would reduce the probability of decompression sickness occurring at high cabin altitudes
or following rapid decompression of the cabin at high altitude, breathing 100% oxygen produces lung collapse on
exposure to +G; accelerations and delayed otitic barotrauma. Furthermore, the incidence of significant symptoms
of decompression sickness at cabin altitudes up to 20,000 feet in combat aircraft is extremely low. Present evidence
also suggests that if immediate descent is undertaken to altitudes below 25,000 feet following decompression of the
cabin, serious decompression sickness will occur only rarely, even if the gas breathed prior to the decompression
contains 45-50% nitrogen. Indeed, this assumption is one of the bases of many "get-me-down" partial-pressure suit
systems (7, 26). The balance between the requirement to avoid the disadvantages of breathing 100% oxygen
throughout flight and the possibility of developing significant decompression sickness either with the cabin
pressurised or following loss of cabin pressure, varies markedly with the cabin pressurisation schedule of the
aircraft and the flight profiles to be employed operationally. Whilst conventional oxygen systems using gaseous or
liquid oxygen stores in the aircraft can provide 100% oxygen throughout flight (possibly limiting the duration of a
sortie), several of the molecular sieve oxygen concentrator systems now in service or to be fitted to combat aircraft
to be introduced into service towards the end of this decade will not provide nitrogen-free breathing gas throughout
flight.

Maximum Concentration of Oxygen

Breathing a gas mixture containing a high concentration of oxygen during flight in agile combat aircraft
has two important disadvantages. It produces acceleration-induced atelectasis and delayed otitic barotrauma. In
1956, setting the pressure demand regulators in fighter aircraft of the Royal Air Force to deliver 100% oxygen and
not oxygen diluted with air gave rise to symptoms during and especially after flights in which the crew had been
exposed to +G, accelerations when using G trousers (4). The symptoms of the condition were attacks of dry
coughing accompanied often by a sense of difficulty of breathing, or less frequently by substernal pain and
tightness in the chest. The coughing was usually provoked by attempts to take a deep breath either in flight or,
more frequently, on standing up in the cockpit after flight. The cough and difficulty in breathing lasted from a
minute or so to repeated attacks over a period of 10-30 min. Field studies (4, 19) showed that 80-85% of pilots
developed the condition with symptoms during or following flights in which 100% oxygen was breathed and +G,
manoeuvres above 3-4G were performed. Chest radiographs revealed marked collapse of the basal parts of the
lungs (19). The lung collapse remained after return to +1G; until the individual took a deep breath and/or coughed.
Although radiological signs of lung collapse occasionally remained beyond 24 hours after the exposure to +G;
acceleration breathing 100% oxygen, the chest X-ray usually returned to a normal appearance within 10-30
minutes after flight. Acceleration atelectasis is associated with a reduction of the Vital Capacity that is recovered
by taking deep breaths. Exposure to 4G acceleration for 75 seconds reduced the Vital Capacities of a group of
subjects by 40 - 60% (17).

Extensive laboratory studies using man-carrying centrifuges (14, 15, 17, 22) have confirmed that the
causative factors of acceleration atelectasis are exposure to +G, accelerations greater than 3-4G and breathing
100% oxygen, and that the degree of lung collapse and the intensity of the symptoms are greatly increased by
inflation of the G trousers. The mechanism is absorption of gas from non-ventilated alveoli in the lower parts of
the lungs. The ventilation of these alveoli ceases on exposure to +G; acceleration as the increased weight of the
lung above compresses the lower parts of the lung, closing the small and intermediate sized airways. This process
is accentnated by the inflation of the abdominal bladder of the G trousers. When the gas breathed before the
exposure to +G; acceleration is air, the presence of a high concentration of nitrogen in the non-ventilated alveoli
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maintains the patentcy of the latter whilst the increased accelerative force is operative and ventilation of the alveoli
recommences on return to 1G. If, however, the gas breathed before the exposure to +G, acceleration is 100%
oxygen so that the concentration of nitrogen in the alveoli is very low, the blood flowing through the non-
ventilated alveoli rapidly absorbs all the gas trapped in the alveoli and surface forces maintain the alveoli in the
collapsed state after the return to 1G until they are reopened by a deep inspiration and coughing. Rahn and Dale
(25) demonstrated in animal studies that the rate of absorption of gas from non-ventilated alveoli is increased sixty
times when 100% oxygen is breathed instead of air before the cessation of ventilation of the lungs. The presence of
a significant concentration of nitrogen that has a much lower solubility in blood than oxygen and carbon dioxide
acts as a brake on the absorption of gas from the non-ventilated alveoli. Mixed venous blood continues to flow
through the collapsed lungs and thus the condition produces a right-to-left shunt, the magnitude of which varies
with the degree of acceleration atelectasis. Thus a moderate exposure to 4G for 75 seconds whilst breathing 100%
oxygen induced a right-to-left shunt of 20-25% of the cardiac output in resting subjects (18). Whilst such a shunt
may be of little significance with respect to the oxygen content of the arterial blood for as long as 100% oxygen is
breathed at low altitude, it would produce a very significant decrease in the arterial oxygen saturation if the
alveolar PO, was reduced to below 100 mm Hg by a subsequent exposure to high altitude.

Although no long-term deleterious effects have been found in aircrew who have developed acceleration-
induced atelectasis repeatedly in flight, many air forces consider that the chest discomfort that it produces and the
potential hazard to flight safety of coughing in flight make acceleration atelectasis unacceptable. Extensive flight
and laboratory trials conducted by the Royal Air Force in the early 1960s (17, 18) and recently repeated by the
United States Air Force (20) demonstrated clearly that acceleration atelectasis does not occur if the concentration
of nitrogen in the gas breathed before and during the exposure to the sustained acceleration does not fall below
40%. The study conducted by Haswell et al (20) also demonstrated that argon in the concentration expected in the
product gas with oxygen and nitrogen from a molecular sieve oxygen concentrator is as effective as nitrogen in
preventing acceleration atelectasis. An animal study of the rate of absorption of gas from non-ventilated alveoli at
reduced environmental pressures up to a pressure-altitude of 25,000 feet suggested that the concentration of
nitrogen required to prevent acceleration atelectasis at altitude is also about 40% (6). Flight experience at cabin
altitudes up to 20,000 feet confirmed this finding. The Royal Air Force has required, therefore, since 1960, that the
concentration of oxygen delivered by aircraft oxygen systems when in the air dilution mode does not exceed 60% at
cabin altitudes below 20,000 feet. In practice, the need for economy in the use of oxygen in high-performance
combat aircraft has led to the use of air dilution demand regulators in most NATO air forces including the Royal
Air Force and the United States Air Force. The maximum concentration of oxygen delivered by these regulators in
the air dilution mode at cabin altitudes up to 20,000 feet has been less than 60% and acceleration atelectasis has
not occurred. The United States Navy has employed 100% oxygen in many of its combat aircraft over this period in
order to enhance protection against toxic fumes in the cabin and against drowning on parachute descent into water.
US Navy aircrew report the symptoms of acceleration atelectasis in flight, (Baker--personal communication). The
Royal Air Force requirement for an adequate concentration of nitrogen in the inspired gas at cabin altitudes up to
cabin altitudes of 16,000-20,000 feet was confirmed during the specification of the molecular sieve oxygen
concentrator system for the RAF Harrier GR Mk 5 aircraft. Test flights in the development USN AV-8B aircraft in
which the molecular sieve oxygen concentrator system delivered 94% oxygen resulted in acceleration atelectasis
when moderate levels of +G, were experienced.

Breathing 100% oxygen, especially if it is associated with even moderate ascent to and descent from
altitude, is followed in the vast majority of individuals by the development of delayed ofitic barotrauma. On waking
from a night's sleep, following flights in which 100% oxygen has been breathed, the individual has discomfort in
the ears and is moderately deaf. Examination of the ear shows that the tympanic membrane is drawn into the
middle ear and that the middle ear contains fluid. The discomfort and deafness can be corrected by performing
Frenzel's manoeuvre introducing air into the middle ear. The mechanism underlying the condition is similar to that
which produces the lung collapse on exposure to +G,. Breathing 100% oxygen results in the nitrogen normally
present in the middle ear cavity being washed out and replaced by oxygen through the pharyngo-tympanic tube
(24). With a low concentration of nitrogen in the middle ear cavity, the blood flowing through the wall of the
cavity rapidly absorbs gas from it. The absorption of gas reduces the pressure in the middle ear that draws the
tympanic membrane into the cavity causing discomfort and deafness. The reduction in pressure also draws fluid
into the cavity. The process of absorption of gas from the middle ear can be slowed and arrested after flight by
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inflating the middle ear with air. The re-introduction of nitrogen into the middle ear must be repeated several times
over the 12-18 hours following a flight in which 100% oxygen is breathed if delayed otitic barotrauma is to be
avoided. However, if several ascents to altitude (even to only 5,000 feet) have been performed whilst breathing
100% oxygen, the absence of ventilation of the middle ear that occurs during sleep frequently results in ear
discomfort and deafness the following morning.

Although there is no published evidence of any long-term deleterious effects of breathing 100% oxygen in
flight upon the middle ear, many air forces consider that it is an undesirable condition. The incidence of delayed
otitic barotrauma is reduced by the presence of a minimum concentration of nitrogen in the gas breathed during
flight. The concentration of nitrogen required in the inspired gas to reduce the incidence and severity of this
condition to negligible levels is between 30% and 40%

It is concluded, therefore, that in order to prevent the occurrence of acceleration-induced atelectasis and
delayed otitic barotrauma in an agile combat aircraft, the maximum concentration of oxygen in the inspired gas
should not exceed 60%. There are obvious limits to the altitude range over which this limit can be applied since it
conflicts at the higher altitudes with the requirement to prevent hypoxia, which is of paramount importance. Three
factors influence the range of cabin altitudes over which the maximum concentration of oxygen should be limited
to 60%. The first factor is the pressurisation schedule of the cabin of the aircraft. The aircrew will only be exposed
to cabin altitudes greater than 20,000-22,500 feet in the rare event of a decompression of the cabin. The second
factor is the effect of altitude upon the ability of an aircraft to sustain high levels of acceleration. Many combat
aircraft cannot maintain +G, accelerations greater than 3-4G at aircraft altitudes greater than 36,000-40,000 feet.
Furthermore, air combat is usually performed at aircraft altitudes well below 40,000 feet. Thus the +G,
accelerations required to produce acceleration atelectasis are unlikely to occur at aircraft altitudes above 36,000-
40,000 feet, i.e., at cabin altitudes greater than 15,000 feet. The third factor is that it is technically difficult and
expensive to control the concentration of oxygen in the inspired gas at a given cabin altitude within the very
narrow limits that would be the case if the oxygen concentration was not allowed to rise above 60% at cabin
altitudes greater than about 15,000 feet. Thus the minimum concentration of oxygen required at a cabin altitude of
18,000 feet in order to prevent hypoxia on a subsequent rapid decompression is 49% (Figure 1). Consideration of
all these factors led to the conclusion that in a typical agile combat aircraft, the maximum concentration of oxygen
in the inspired gas should not exceed 60% at cabin altitudes between ground level and 15,000 feet, and that higher
concentrations of oxygen are acceptable at higher cabin altitude with the limit that the concentration should not
exceed 75% at a cabin altitude of 20,000 feet. These requirements are embodied in current international military
standards (Air Std 61/101/6A and STANAG 3865). A typical specification for the maximum concentration of
oxygen in a current combat aircraft is presented in Figure 2.

A review of the basis for the requirement that the oxygen concentration shall not exceed 60% at cabin
altitudes up to 15,000 feet emphasises that no studies of acceleration-induced atelectasis have been conducted at
reduced environmental pressure on a man-carrying centrifuge. The present limit at altitude is based upon the study
in dogs of the effects of reduction of environmental pressure on the rate of absorption of gas from non-ventilated
alveoli conduced by Ernsting in 1965 (6). It would be valuable if the predictions made on the basis of these animal
experiments could be confirmed by studies on man at reduced environmental pressures between ground level and
18,000 feet, especially as the animal studies and calculations suggest that the concentration of nitrogen required to
prevent acceleration-induced atelectasis may fall slightly with an ascent to altitude. It has been suggested that the
technique of pressure breathing during exposure to +G, accelerations (PBG) that is being introduced into combat
aircraft will prevent the occurrence of acceleration atelectasis even when 100% oxygen is breathed. In-flight
assessments of PBG systems with or without chest counterpressure conducted by the RAF Institute of Aviation
Medicine do not support this suggestion. The symptoms of acceleration atelectasis have been reported repeatedly by
pilots using PBG systems that deliver 100% oxygen throughout flight. This finding is not surprising since lung
volumes are not increased by pressure breathing during exposure to +G, accelerations when wearing G trousers
(Green--personal communication) so that PBG would not be expected to prevent closure of the small airways in the
lower parts of the lungs during exposure to +G; accelerations.
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Figure 2. The specification of the relationships between the minimum and maximum concentrations of
oxygen in the inspired gas and cabin altitude with the cabin pressurised for a typical agile combat aircraft
with a ceiling of 50,000 feet.

26




Conclusions

The physiological and operational bases of the current international military standards defining the
relationships between the minimum and maximum concentrations of oxygen in the inspired gas and cabin altitude
in agile combat aircraft when the cabin is pressurised (1, 23) have been reviewed in the light of the results of recent
research and the likelihood of such aircraft operating at altitude above 50,000 feet.

This review has confirmed that the minimum concentration of oxygen to be breathed when the cabin is
pressurised must be such as to maintain the alveolar PO, at, or greater than, 103 mm Hg and to prevent the
alveolar PO, falling below 30 mm Hg on a rapid decompression of the cabin. The effects of employing pressure
breathing systems that will provide protection at altitudes above 50,000 feet upon the latter requirement have been
explored for a system that provides a breathing pressure of 70 mm Hg at 60,000 feet. This analysis has
demonstrated that the lower the absolute mask pressure provided by such a system, the higher will be the
concentration of oxygen that must be breathed before a rapid decompression in order to prevent the decompression
reducing the alveolar PO, below the acceptable transient minimum value of 30 mm Hg. It has also emphasised that
the minimum concentration of oxygen required to meet this requirement varies significantly with the pressurisation
schedule of the pressure cabin and the relationship between breathing pressure and altitude provided by the
pressure breathing system. Recent experimental studies (16) have re-emphasised the importance of the immediate
delivery of 100% oxygen (or product gas containing at least 94% oxygen) to the mask on a rapid decompression to
an altitude above 30,000 feet. These studies have reconfirmed the present standards (1, 23) that require that
concentration of oxygen in the inspired gas rises to 100% (94% if product gas is being breathed after the loss of
cabin pressure) before more than 0.6 litre (ATPD) of gas has been inspired during and after a rapid decompression.

It is concluded that the requirements of Air Standard 61/101/6A(1) and of STANAG 3865 (23) with
respect to the minimum acceptable concentration of oxygen to be provided in the inspired gas when the pressure
cabin is intact are correct and should be met by aircrew breathing systems to be installed in agile combat aircraft
operating above 50,000 feet, as well as those with operational ceiling of 50,000 feet and below.

It has been suggested recently (27) that aircrew operating agile combat aircraft at high altitudes, especially
when the cabin altitude during flight will exceed 18,000-20,000 feet, should breathe nitrogen-free gas throughout
flight in order to reduce the possibility of severe venous gas emboli or of overt decompression sickness occurring
during pressurised flight or following decompression of the cabin. This suggestion has not been adopted by
operational air forces except for special tasks, although the US Navy has employed only 100% oxygen in its combat
aircraft for many years. The provision of 100% oxygen throughout flight has logistic and breathing equipment
design implications, as well as the disadvantages of acceleration-induced atelectasis and delayed otitic barotrauma.
Should the latter conditions be considered unacceptable by an air force, then the solution to the avoidance of
decompression sickness with the cabin pressurised is to increase the differential pressure of the cabin, especially at
the higher altitudes (12). It is hoped that the risks of decompression sickness arising following decompression at
high altitude and descent to altitudes between 20,000 and 35,000 feet will be quantified in the next few years so
that a balanced judgement can be made as to the need for aircrew operating agile aircraft at high altitude to breathe
100% oxygen throughout flight. It should be emphasised, however, that the molecular sieve oxygen concentrator
systems of at least two agile combat aircraft now under development have not been designed to provide nitrogen-
free breathing gas when the pressure cabin is intact.

The present review has considered in detail the disadvantages of breathing high concentrations of oxygen
in flight in an agile combat aircraft, namely acceleration-induced atelectasis and delayed otitic barotrauma. It has
confirmed that both these conditions can be avoided by ensuring that the breathing gas contains at least 40%
nitrogen (or nitrogen and argon) at cabin altitude up to the altitude at which the aircraft is capable of applying +G,
accelerations above 3G. It is suggested that whilst the requirement of a minimum of 40% nitrogen to prevent
acceleration atelectasis at ground level is well established, further experimental studies are required to confirm
whether the concentration of nitrogen (and argon) required to prevent this condition at cabin altitudes above
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10,000 feet is as high as 40%. Studies are also required to confirm or refute whether pressure breathing with G
(PBG) may reduce the incidence and severity of acceleration atelectasis. The Royal Air Force experience, to date, is
that PBG does not do so. Finally, further studies are required to investigate the significance of the large right-to-
left shunt of blood that occurs in the collapsed lung in relation to a subsequent exposure to low intrapulmonary
pressure.

It is concluded that, until the results of further research are available, the standard that the maximum
concentration of oxygen in the inspired gas shall not exceed 60% at cabin altitude up to 15,000 feet (and 75%
oxygen at a cabin altitude of 20,000 feet) as required by Air Standard 61/101/6A(1) and STANAG 3865 (23) is
sound if acceleration-induced atelectasis and delayed otitic barotrauma are deemed to be unacceptable in aircrew
operating agile combat aircraft, as is the case in the Royal Air Force.
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Discussion

PROF ERNSTING: A couple of additional comments. There is nice work being done at Patuxent River suggesting
that you can get peak respiratory flows in flight up to 250 liters a minute, but we've not yet introduced that data
into our requirements. Also, contrary to what we've heard earlier, we are quite concerned with high Gs at high

altitudes.

DR. MOON: Professor Emsting, to what extent does oxygen atelectasis contribute to arterial hypoxemia? You
mentioned a 20% shunt. Presumably that will lower significantly the arterial PO2. Have you made any
measurements?

PROF. ERNSTING: Yes, in the 1960 timeframe. I would expect it to drop a few mm Hg, but I'd have to work it
out. Once you've got the lung collapse it doesn't re-inflate until the pilot undoes his barness and takes a few breaths
getting out of the cockpit. That's when you get all the coughing. We conducted field trials where we actually lifted
the pilots out of the cockpits after they had flown either on dilution or 100% oxygen and then X-rayed their chests.
Those who were breathing 100% oxygen experienced quite gross lung collapse.

DR. MOON: So at higher altitude then, that could be a significant problem in terms of maintenance of adequate
arterial oxygenation?

PROF. ERNSTING: Yes. Also, positive pressure breathing during G is often stated to have a counteracting effect.
But in practice, we didn’t find that in our flight trials and we didn’t find it in the centrifuge studies. So we don't
see positive pressure breathing as a criteria for reducing the requirement for having at least 40% insoluble gas in
the inspired mixture.

DR. ACKLES: Canada has taken a contrasting view on the 100% oxygen and atelectasis problem. Even though I
know we've been part of the airmix school for many years, we recently re-evaluated this condition with respect to
our new G protection system and have taken the position that there will be no operationally significant problems
with G atelectasis, and we are going to a 100% chest mounted regulator in our new system. We've had no problem
with it so far and everyone has accepted this approach. U.S. Navy pilots have experienced the coughing and chest
pain associated with G induced atelectasis, but they have not seen any operational problems with breathing 100%
oxygen. We haven't shown any kinds of performance decrement, so we have accepted 100% oxygen as our
breathing gas, which may make things easier on the pilot if he is exposed to high altitude.

DR. PILMANIS: The next three talks are on decompression sickness. All three speakers will be addressing a
common methodology. To save time, I will quickly review the methodology because some of you may not be
familiar with the procedures. As many of you are aware, all of our research in DCS at the Armstrong Laboratory
goes into a very large computerized database, and many of the things that we'll be addressing in the next couple of
talks come directly out of that database. We use a Hewlett Packard SONUS 1000 Echo Imaging System, both here
and at Famborough for bubble detection, that both visvally and acoustically records circulating decompression
bubbles The protocols vary a great deal. Some involve exercise, some do not. We use both male and female
subjects. There are different parameters in each study so we are not able to lump all the data together from the
1500 flights that we have in our database. We have to subdivide them into various types of studies, so the numbers
of subjects vary for each specific exposure level, i.., although we may have a large database, we may have only ten
subjects in the study of interest and that opens the question of validity. We are well aware of that limitation and
will try to point that out.

An inside observer in the chamber uses a chest positioned precordial transducer to collect data. For the higher
flights we've recently instituted the use of a robotic arm. It's working extremely well at 35,000 feet, which is one of
the protocols we're conducting at present. The end points on all of these studies are symptoms. We do not use
bubble detection as an end point, except if we see gas bubbles cross over to the left ventricle. Then we bring the
subject down immediately. We have seen that occur in six subjects to date. We now have a videotape of circulating
bubbles in the heart taken by 2-D echocardiography.
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Altitude Decompression Sickness:
Operational Significance

James T. Webb, Ph.D.
Andrew A. Pilmanis, Ph.D.

Abstract

Raising the ceiling of current flight operations will bave the effect of increasing the altitude exposure
hazard and consequent incidence of decompression sickness (DCS) symptoms. In many cases, the current
operational incidence of DCS is already a limiting factor, and without increased protection that factor may become
the controlling influence for operational planning of some mission scenarios. The F-22 will place the pilot at a
cockpit cruise altitude of 22,500 ft, above the threshold of DCS with a latency for symptom onset within one hour
(Webb and Pilmanis, 1995c). Use of 100% oxygen is necessary to provide additional protection, and increased
cabin pressure differential to at least 6 psid is highly recommended. Research is needed to further define the risk,
predict the risk, and offer recommendations for avoidance of DCS symptoms.

Introduction

Decompression sickness currently occurs during some routine training and operational activities
(Bendrick et al., 1996; Pilmanis, 1992). That risk will increase if the ceiling of current operations is raised. Plans
to raise the ceiling based on increased capabilities of aircraft in development must include consideration of the
effect of increased exposure on the pilots, crew, and occupants. For instance, the F-22 will be able to cruise at
60,000 ft. This is a much higher cruise altitude than the operationally realistic cruise altitude for current fighters
of about 35,000 ft. The higher altitude is to be maintained with the same cockpit differential pressure, S psid,
designed into fighters of the 50s and 60s.

Objectives

The questions posed in the introduction have provided Armstrong Laboratory (AL) High Altitude
Research personnel with specific program objectives. One objective is to quantify the risk associated with various
operational activities. Another is to develop risk prediction methods to quantify that risk in such a way that the
methods could be used by mission planners. Quantification and prediction of risk permit accomplishment of the
third objective, to recommend ways the risk can be minimized or eliminated.

The purpose of this paper is to provide background data from the AL research program as it relates to
accomplishment of operational missions. Some of the findings have led to recommendations that improve
denitrogenation efficiency by reducing the time spent preoxygenating at ground level prior to take off (Pilmanis
and Olson, 1991). Some of the findings have also prompted additional research to isolate the altitude threshold of
DCS without denitrogenation and to determine the true relationship between denitrogenation time and incidence of
Symptoms.

Pilots Use of “Normal” vs 100% Oxygen

The USAF Narrow Panel Regulator delivers up to 50% nitrogen at altitudes between about 20,000 ft and
24,000 ft with the Diluter Lever in the NORMAL position. Mid-1980s AL chamber research results using a
breathing mixture of 50% oxygen and 50% nitrogen (Webb et al., 1990) are, therefore, applicable to operational
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scenarios in which the cockpit altitude is between 20,000 ft and 24,000 ft and the pilot has NORMAL selected.
Although the pilot will not become hypoxic at these altitudes with up to 50% nitrogen in the breathing mixture,
little denitrogenation occurs during flight. The research on the relationship between breathing gas and incidence
of venous gas emboli (VGE) concluded that breathing 100% oxygen is significantly more effective at preventing
VGE below 20,000 ft than breathing a mixture containing 50% nitrogen and 50% oxygen (Webb and Pilmanis,
1993). Since 100% oxygen (0% nitrogen) is typically available for fighter aircrew, all recent chamber research at
AL has used 100% oxygen as the breathing gas.
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Figure 1. Effects of Breathing 50%N; and 50% O, vs 100% O,

Figure 1 shows the incidence of severe VGE (Spencer Scale Grades 3 and 4 VGE) (Webb and Pilmanis,
1993) versus altitude with two breathing gases. Subjects were exposed to the altitudes shown, without
preoxygenation, for at least 6 hours while breathing either a 50% nitrogen:50% oxygen mix, or 100% oxygen.
Figure 2 shows that even with 100% oxygen as the breathing gas, VGE occur within 30 min at a cockpit altitude of
22,500 ft. These VGE increase the hazard of further decompression, in particular, unplanned rapid decompression
(RD) (Webb et al., 1993). The hazard, expansion of preexisting gas emboli during decompression, relates to a
designed cruise altitude of 60,000 ft for F-22 and Eurofighter 2000 aircraft. With a 5 psid pressurization system,
the pilots of these aircraft will experience 22,500 ft throughout cruise and any unplanned RD late in cruise could
lead to very rapid onset of DCS due to physical expansion of the existing VGE and extravascular emboli (Webb
and Pilmanis, 1995b). With positive pressure breathing for altitude (PBA), the lung would only experience a
decompression to about 42,500 ft, not 60,000 ft. However, a decompression from 22,500 ft to 42,500 ft represents
a 2.53-fold (314/124) emboli volume increase or an increase in emboli diameter of about 36%.
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Figure 3 shows that the zero-preoxygenation DCS threshold is apparently between 21,200 ft and 22,500 ft.
Approximately 10 different subjects were exposed at each altitude shown (75 total). Increasing the N to 20 males
and 20 females at 21,200 and 22,500 ft is underway. If the increase in DCS incidence from 21,200 ft to 22,500 ft
remains this notable, we will be both surprised and very curious as to why. The operational significance of this
range of altitudes is that it coincides with a pilot’s environment in a 5-psid cockpit flown at 60,000 ft, for instance,
the F-22 and EuroFighter 2000. Although many current fighters can reach this altitude, these new aircraft expand
the ceiling of normal cruise, which will place them at approximately 22,500 ft long enough to develop symptoms
as shown in Figure 4.
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Figure 5. Zero-Preoxygenation VGE Threshold

Although 18,000 ft has been used as the theoretical threshold for DCS, that theory was based on
Haldane’s hyperbaric work reported in 1908, in which hypobaric DCS was not discussed (Boycott et al., 1908).
The 25,000 ft threshold emanating from operational, conventional wisdom is probably based mostly on a sparse
number of operational reports indicating that inability to perform the mission due to DCS was rare below 25,000 ft.

If a well-defined threshold can be identified experimentally, it could provide insight into the risk
associated with F-22 operations (as well as risk in other aircraft, such as the T-37) where the cockpit altitude can
exceed 21,000 ft. In addition to the DCS hazard inherent with 1-3 hour residence times at an altitude of 22,500 ft,
an F-22 pilot conld face the additional risk of further decompression to 60,000 ft with rapid growth of any gas
emboli existing at the time of decompression.

Development of VGE in over 70% of subjects exposed to at least 22,500 ft (see Fig. 5) indicates that
further decompression could result in rapid enlargement of the preexisting gas emboli in the vasculature or in
tissues. The rapid emboli enlargement could result in symptom development with very little latency in comparison
to the latency for symptoms when no preexisting emboli are present. Several preventive measures could reduce the
hazard of DCS symptom development.
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Preoxygenation (prebreathing) reduces the body’s store of nitrogen, thereby reducing the potential for
development of gas emboli and DCS symptoms. Increasing preoxygenation time results in more denitrogenation
which, in turn, reduces level of DCS incidence for any given exposure. That relationship is probably not linear.
The shape of the curve in Figure 6 is modeled after the shape of a curve plotting nitrogen elimination versus time.
What is not known is the relationship between amount of nitrogen eliminated and its affect on DCS incidence.
The first nitrogen to be eliminated is the nitrogen in the lung and blood, which has little or no effect on DCS
incidence. Therefore, since this first bolus of nitrogen represents a large percentage of nitrogen in the body, it can
lead to misinterpretation of the value of its removal. Thus, the shape of a curve relating DCS incidence to
preoxygenation time may be somewhat flat at the top for the first hour, followed by a sharp decrease in DCS
incidence when the slow tissues begin to denitrogenate, then leveling as the incidence of DCS drops toward zero.
The duration of preoxygenation required will depend on the altitude, duration of exposure, and activity while
decompressed. These factors make it is very difficult for operational planners to develop estimates of DCS
incidence.

The frequent inquiries about DCS risk received at the Armstrong Laboratory resulted in the preliminary
development of tables that could be used in mission planning until an effective decompression computer is
developed and transitioned to the operational community (Tables 1 & 2). In this development, we stipulated use of
100% oxygen as the breathing gas during the exposures because 0% nitrogen breathing gas (molecular sieve
oxygen generated; MSOG) is planned to be available in advanced fighter aircraft and because it is recommended
for use during high-altitude flight as described earlier. Preoxygenation times were based on experimental data and
current operational procedures.

Among the interdependent conceptual relationships that must be considered when deriving table values

are DCS incidence versus exposure time, altitude, and exercise. A review of these basic conceptual relationships
will set the stage for showing how these tables were developed (Webb and Pilmanis, 1995a).
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Figure 7. Sigmoidal Relationship between DCS Incidence and Variable Parameter

The effects of exposure time, altitude, and exercise follow a basic sigmoidal curve such as the one shown
in Fig. 7, in which the parameter has little effect at very low levels. At some higher level of a parameter, the
incidence of DCS rises rapidly followed by a leveling at the upper limits of the effect. This leveling of effect may
oceur well below 100% incidence, depending on the effects of other parameters involved.

Tables 1 and 2, if used in accordance with the limitations described in Webb and Pilmanis (1995a), should
provide a reasonable guide until a better method is available, namely, the DCS computer model under development
at the Armstrong Laboratory.

One of the objectives of the AL High Altitude Research program is to provide recommendations
emanating from research that may be of value to the operational community. Results of recent research indicate
that denitrogenation (preoxygenation) accomplished at altitudes up to 16,000 ft is as effective as denitrogenation at
ground level. This effect was not true at 18,000 ft. The difference between 16,000 ft and 18,000 ft can be seen in
the severe VGE response shown earlier (Fig. 1). These findings could be of use to F-22 pilots if enroute altitudes
could be maintained below 38,000 ft (16,000 ft cockpit altitude) until further climb to 60,000 ft was necessary.
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Table 1. ESTIMATED DCS RISK AT 22,500 AND 25,0600 FEET

Estimated % DCS?
Exposure Physical Preoxygenation
Duration, h Activity' Time, min 22,500 ft 25,000 ft

4 Heavy 0 80 95
Exercise 60 55 85
90 40 80
Rest o | = 90
90 30 65
3 Heavy 0 75 90
Exercise 60 50 80
90 35 75

Rest 0

60

90
2 Heavy 0 65 80
Exercise 60 40 60
90 25 50

Rest 0

60

90
1 Heavy 0 25 35
Exercise 60 15 20
90 10 10

Rest 0

60

90

40




Table 2. ESTIMATED DCS RISK AT 18,000 AND 20,000 FEET

Estimated % DCS>
Exposure Physical Preoxygenation
Duration, h Activity Time, min 18,0600 ft 20,000 £t
4 Heavy 0 25 45
Exercise’ 30 15 20
Rest® 0
15 0 5
3 Heavy 0 20 40
Exercise 30 15 20
Rest 0
15 0 5
2 Heavy 0 15 30
Exercise 30 10 15
Rest 0 ‘
1 Heavy 0 5 15
Exercise 30
Rest 0

1

Heavy exercise is defined as physical activity exceeding 50% VOspeak; Rest is defined as physical activity not
exceeding 20% VOzpeax

2 The shaded, bold-faced percentage numbers for % DCS in the tables are supported by research chamber

results. All other values were estimated from the research chamber results using the concepts described in the text.

Recommendations

Research at AL has provided data in support of several recommendations pertinent to the issue of raising
the ceiling of operations. Use of 100% oxygen (or 100% MSOGS product gas; less than 2% nitrogen) in lieu of the
breathing mixture delivered by the USAF Narrow Panel Oxygen Regulator in the NORMAL position would
provide significant additional protection for those crewmembers who will be exposed to altitudes above 16,000 ft,
particularly if they experienced a further decompression at a later time.

Inflight denitrogenation with 100% oxygen has been shown to be effective and should be used at or below
16,000 ft cabin altitude.

The altitude DCS prediction tables (Tables 1 & 2) can be used much like the analogous USN diving

tables.




Increasing the differential pressure in future fighter aircraft cockpits from 5 psid to 7 psid would be
beneficial in reducing DCS. Without this protective measure, one or more of the following consequences must be
accepted: 1) DCS symptom development after cruise at 60,000 ft for more than approximately 30 min; 2)
increased hazard of rapid-onset symptoms of DCS in the event of unplanned further decompression; 3)
requirement for at least 1 h of preoxygenation; and 4) use of a full-pressure suit.

Research

Research will be necessary on the effects of increased cockpit differential pressure prior to design criteria
modification. Continuation of research on defining the zero-preoxygenation threshold could allow more practical
denitrogenation requirements at the altitudes surrounding the rapid increase in DCS incidence. Research in
support of operational problems associated with raising the ceiling is needed in the areas of repeat exposures and
effects of moderate exercise at altitude on DCS incidence.
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Discussion

DR. ACKLES: Do you have any evidence that repeated exposures, like daily exposures, reduces the bubbling?

DR. WEBB: We don't have that data yet. A repetitive altitude exposure study is planned later this year. I would
like to add a comment with respect to acceleration atelectasis. The Navy uses 100% throughout their flight regime
in tactical aircraft and has not reported an operational decrement resulting from acceleration atelectasis. I would
suggest that from take off to high cruise and supercruise the pilot use 100% oxygen continuously to reduce the risk
of DCS and if he must come down for engagement at lower altitudes, the concentration could be lowered to reduce
the effects of atelectasis. Supercruise at high altitude probably does not involve more than 3-4 G and then only for

short periods of time. Would you like to comment Maj. Neubeck?

MAJ. NEUBECK: Yes. You're going to lose energy fairly rapidly trying to maintain 3 or 4 Gs at high altitude.
You're probably not going to be able to sustain that level of G for very long.

DR. WEBB: By breathing a high concentration of oxygen, you may reduce the DCS problem somewhat and if you
must then come down and fight the battle at a higher G level, the oxygen should be switched to normal airmix. If
you're going to be engaged, you're going to be breathing deeply with nitrogen in the mixture to belp reduce the
atelectasis problem.

DR. SEARS: I completed a review on repetitive decompressions for NASA a while back and much of the early data
indicated there is no problem for daily altitude exposures. As a matter of interest, one study found less bends after
30 days of daily exposure to high altitude. Other studies found that if exposures were repeated in less than 3-4
bours, a greater incidence of DCS occurred.

43







Rapid Decompression and Decompression Sickness

Robert W. Weien, Lt Col, USA, MD, MPH

Introduction

The operational environment will demand that future generations of aircraft will operate at higher
altitudes. Improved weaponry and opposing force aircraft will require the greater protection afforded by altitudes in
excess of the current limits. The physiologic environment becomes ever less forgiving as one goes higher. One
aspect of concern is the effect of rapid decompression (RD) on the onset and severity of decompression sickness

(DCS).

Work under way at Armstrong Laboratory, and at the Defence Research Agency Centre for Human
Sciences at Famborough is aimed at determining the incidence and severity of decompression sickness in the
aviation environment. Flights to 40,000 feet have been accomplished, and may extend higher still." In these studies
preoxygenation occurs and the rate of ascent is relatively slow. Thus, an unanswered question is the effect of rapid
decompression: to what extent does RD affect the onset and severity of DCS, and to what altitude must a fighter
descend in order to minimize its effects should an RD occur?

This paper will briefly review the literature concerning rate of ascent on DCS, and then present work both
underway and planned at Farnborough.

Literature Review

One of the few studies using human subjects to investigate this is also one of the earliest. Hitchcock,
Whitehorn and Edelmann reported in 1948 on a series of human subject exposures.” They conducted a series of
five studies comparing rates of ascent of 0.7 psi per minute (the slow rate), to 0.7 psi per second or greater
(explosive decompression). The highest rate used was 4 psi/second.

The findings were mixed. Of the five studies, two showed that the RD group had a greater rate of DCS
than did the control, whereas three showed no statistical difference. The profiles and results are summarized in
Table 1.

Table 1: Hitchcock results summary.

Statistical Difference | Oxygen Exercise RD altitudes Final altitude
Groups* use (1000s ft) and time
I Yes 100%/ascent Rest 20-40 35K/60°
I/ No 100%/ascent Exercise 20-40 38K/90’
v Yes 100%/ascent Exercise 10-35 38K/90°
\ No Airmix Exercise 10-35 38K/90’
VI No 100%/ascent Rest 27.5-40 45K/60°

* Hitchcock’s group numbering retained. Groups II and III followed the same profile, but Group II had male
subjects, and Group III had female subjects.

Hitchcock’s conclusion was that “..explosive decompression at the rates and ranges used in these

experiments produces a slight increase in susceptibility to decompression sickness.” In his opinion the effect of RD
is slight, and masked by other, more significant factors, thus explaining the non-significant results in three of his
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studies. He also concluded that “...explosive decompression, within the rates and ranges used in these experiments,
does not constitute a serious hazard to normal human beings.”

Fryer in 1969 found that there was little basis for drawing firm conclusions about the effect of RD on
DCS. He concludes that “long and exbaustive series of experiments on groups of men would be required to
investigate fully the effects of varying rates of ascent within the practical aviation range.” His final opinion,
however, was that “on practice, it is generally recognized that wide variation in ascent are without great effect on

outcome.”

Piwinski, et. al, in 1986* reviewed more than five years of experience at one training hypobaric chamber.
They concluded that RD did not increase the incidence of DCS. The type of RD profiles used in this chamber are
identical to those of the USAF.

Kumar and Walligora in 1989° reported that their subjects divided into two categories: the rates differed
significantly in those in which the rate of ascent was <2500 feet/minute, and those >2500 feet/minute. The higher
rate group included exposures up to 53,000 feetminute. Within the two bands there were no significant
differences.

Baumgarter and Weien in 1992° noted that the USAF Type 1I altitude chamber profile had the highest
incidence of DCS. This profile includes an RD (8,000 feet to 22,000 feet) but it also bas the highest altitude of
routine USAF training flights (43,000 feet). Thus, the effect of the RD may be masked by the effect of the higher
altitude.

That the effect of RD on DCS incidence is a valid operational concern was highlighted by Brooks in
1984’ He reported on 47 incidents of loss of cabin pressure over a 20 year period. The final altitnde of these cases
ranged from 15,000 to 54,000 feet. There were 2 cases of DCS in this population.

Current CHS Study

A project recently approved at the CHS is designed to address this problem. The risk to mission
completion represented by rapid decompression in the current Nimrod or future Replacement Maritime Patrol
Aircraft is not known. It is well understood that hypoxia can be prevented by the standard breathing systems on
board those aircraft, but the risk of DCS is unknown.

The aim of this study is to evaluate the risk of DCS and venous gas emboli (VGE) following loss of cabin
pressure and subsequent sustained altitude exposure as required by current mission profiles. Those procedures
allow for mission at a cabin altitude of 25,000 feet. This study simulates an RD early in the mission profile, with
continuation of the mission at 25,000 feet.

There will be 15 subjects completing each of 3 profiles. The profiles are outlined in Table 2, and presented
graphically in Figure 1.

The changes between profiles are designed to examine different aspects of the DCS risk factors. In profile
1, the major change from previous 25,000 foot exposures at Farnborough is that it will be zero prebreathe. Profile 2
adds the effect of an RD prior to the sustained exposure at 25,000 feet, and profile 3 changes the breathing mixture
to airmix. This final set of variables most closely simulates the operational environment targeted by the study. The
air-oxygen breathing mixture used in profile 3 will be representative of that provided by a Type 417 Mk 2
regulator, and will maintain an alveolar oxygen tension of not less than 100 mm Hg at 25,000 feet.

The profiles are designed to lead gradually from the lowest perceived DCS risk to the highest. Thus, a
minimum of 6 subject exposures will complete profile 1 before profile 2 is begun. Likewise, at least 6 subjects will
complete profile 2 before profile 3 exposures begin.
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Every 15 minutes while at 25,000 feet, the cardiac chambers will be monitored using 2D and Doppler
ultrasound with a commercial clinical ultrasound machine (Hewlett-Packard SONOS 1500). An inside observer, or
robot arm controlled by an investigator outside the chamber, will position and manipulate the ultrasound
transducer on the subjects’ chest in a modified long axis view. The subject will move each limb in sequence, so as
to dislodge VGE, and these will be visualized as they pass through the right heart.

Table 2. 40K RD profiles.

Profile 1 Profile 2 Profile 3
Prebreathe Zero Zero Zero
Breathing Mix 100% from ascent 100% from ascent Airmix, except RD
RD None 8K to 40K 8K to 40K
Final Altitude 25K 25K 25K
40K RD Profiles
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Figure 1: 40K RD Profiles.

Other variables monitored during the exposure include ECG, chamber altitude, oxygen saturation (via
pulse oximetry, during RD only), and end tidal PN,, PO,, and PCO, (via mass spectrometry).

Endpoints for this study are well defined. If any of the following should occur to either the subject or the
1O, both will be brought back to ground level, on 100% oxygen (if not already breathing 100%, they will switch to
100% oxygen):

a) the subject or the IO experience joint pains which are mild to moderate, or more severe, and
continuous.

b) the subject or IO experience any other symptoms that may be related to DCS.

©) VGE are detected in the left cardiac chambers

d) subject or 10 request descent.

Post exposure, the subject will breathe 100% oxygen for two hours, whether or not symptoms or VGE
developed. If symptoms persist to ground level, or were more severe than joint pains, a recompression treatment
will be conducted in a hyperbaric chamber.
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Future CHS Study

A protocol under development at CHS is to investigate the effect of RD on DCS incidence at higher
altitudes, up to 60,000 feet. This study would support the EF2000 program, and be applicable to the F-22 program.

In this study, like the 40,000 foot RD study, a cautious and stepwise progression toward the anticipated
operational profile is planned. All flights in this study will be zero prebreathe. The profiles for this proposed study
are illustrated in Figure 2. They are:

a) 35,000 feet for 60 minutes, on 100% oxygen.

b) RD from 22,500 to 60,000, then 60 minutes at 25,000 feet, on 100% oxygen.

¢) RD from 22,500 to 60,000, then 60 minutes at 35,000 feet, on 100% oxygen.

d) 1 hour at 22,500 on 100% oxygen, then RD to 60,000, then 60 minutes at 35,000 feet, on 100%
oxygen.

e) 1 hour at 22,500 on airmix, then RD to 60,000, then 60 minutes at 35,000 feet, on 100% oxygen.

60K RD Profiles

~ 22.5 Aimix, RD, 35K
"7 225 RD, 35K

: RD, 35K

o RD, 25K

t 2 4 7 35K

Altitude x 1000 ft

Figure 2. 60K RD Profiles.

These profiles are expected to be more provocative for DCS than those in the 40K DCS study, and will
thus be approached with more caution.

Conclusions

The effect of RD on the incidence, onset, and severity of DCS and VGE is not well understood. Previous
research in the field is largely absent, and the studies that are to be found are inconclusive. In addition, no work
has been performed to establish the effect of RD at altitudes at and above 40,000 feet.

A study of the effect of RD on DCS is important, especially as operational demands force the military
aviator to higher altitudes.
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Discussion
MAJ. KREBS: How do you establish the time you're going to use as a rapid decompression?

LT. COL. WEIEN: A lot of that is being driven by chamber capability. I think we decided that the decompression
should occur in no more than 3 seconds.

LT. COL. DEMITRY: Is there a model that would predict the level of DCS during each protocol?
LT. COL. WEIEN: No. There is no model that I'm aware of. Is anybody else aware of?
DR. PILMANIS: Not yet.

LT. COL. VANDERBEEK: Are any of your studies looking at less than 100% prebreathe, i.e., OBOGS product
gas? Any other studies planned for 93-94% oxygen prebreathe?

LT. COL. WEIEN: No.
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Decompression Hazards
at Very High Altitudes

Andrew A. Pilmanis, Ph.D.

Abstract

The use of high-altitude air space for military activities exposes flight crews to the hazards of near
vacuum ambient pressures. Advanced fighter aircraft, such as the F-22 and Eurofighter 2000, will have the
capability to sustain normal cruise flight at an altitude of 60,000 ft or higher. Information about decompression
sickness occurring at or above altitudes of 40,000 feet is minimal. Of critical concern is the flight scenario in
which 1-2 hours of cruise with the pilot at a cabin altitude of 22,500 ft is followed by an unplanned decompression
to the ambient altitude of 60,000 ft. In this scenario, existing gas emboli will rapidly expand, resulting in
potentially serious symptoms with short onset times. This problem could further be exacerbated if descent to low
altitude was not immediately possible.

Arterial gas emboli are generally viewed with great concern. Previously unreported left ventricular gas
emboli were observed with echo imaging in six volunteer subjects during exposure to simulated altitude. In all 6
cases, at the time of arterial gas emboli onset, the venous gas emboli scores were high from all monitored sites. It
was concluded that this gas transferred from the venous side to the arterial side via either intracardiac defects,
pulmonary shunts, or pulmonary microcirculation. It is suggested that operational altitude exposures known to
elicit high VGE counts in the majority of people should be avoided because of an increased risk of right-to-left gas
cross-over and the resulting potential of severe cerebral symptomatology.

Ebullism, or the vaporization of body fluids, poses additional physiological risks to flight above 63,000
feet. Medical treatment protocols for ebullism in the event of accidental manned exposures to extreme altitudes do
not exist.

Introduction

Ascent to altitude can lead to the development of clinical symptoms and pathological changes collectively
known as decompression sickness (DCS), and to the vaporization of body fluids, a condition called ebullism
(32,33). DCS occurs as a result of the evolution of nitrogen to form bubbles in the tissues. This inert gas bubble
formation occurs when ambient pressure falls low enough and/or rapidly enough for gas phase separation to occur.
These gas bubbles can obstruct circulation, disrupt tissues by distention, and alter biochemical and hematological
balances, resulting in a complex myriad of clinical manifestations ranging from local joint pain, to neurological
effects, to complete circulatory collapse and death (15,28).

In any high-altitude operation, the inherent risk of rapid decompression must be considered. Conventional
protection against DCS and ebullism include prebreathing, cabin pressurization, full-pressure suits, and , in some
cases, partial-pressure suits. Measures to deal with the failure of these systems must be defined. In high-altitude
reconnaissance aircraft such as the U-2, the risk of DCS has historically been high because the cabin pressurization
system maintains the pilot at 28,000 to 30,000 ft (4, 25, 40). Currently, full-pressure suits are used in these aircraft
in case of loss of pressurization. These suits are not generally considered practical in fighter aircraft because of
restricted mobility, poor comfort, and logistical problems. For these aircraft, partial-pressure ensembles (with no
helmet) that provide both G-protection and hypoxia protection are being implemented. These garments only
provide partial protection against the severe physiological consequences of DCS and ebullism. Human experiments
at very high altitudes have demonstrated that conscious survival for very short "get-me-down" scenarios is possible
wearing partial pressure protection with positive pressure breathing. However, the physiological risks of positive
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pressure breathing at very high intrapulmonary pressures are complicating factors. In addition, the onset and
severity of DCS and the catastrophic effects of ebullism at these very high altitudes also need further elucidation.

Operationally, DCS has been of little concern in previous and current fighter aircraft because these
aircraft have been limited to an altitude ceiling of 50,000 ft for relatively short exposure times. However, the next
generation of fighter aircraft, such as the F-22 and Eurofighter 2000, may have the capability to sustain normal
cruise flight at altitudes up to 60,000 ft. Considering current trends for fewer forward bases and longer flights
using inflight refueling, such high-altitude exposure could be many hours in duration.

This paper is limited to a discussion of the conditions of DCS and ebullism associated with exposure to
altitudes above Flight Level (FL.) 400. The general purpose of the paper is to discuss the current understanding of
these two conditions, and to explore critical areas of physiological research necessary for expanded flight
operations to higher altitudes. Figure 1 illustrates the potential scenarios and options associated with raising of the
operational ceiling from 50,000 ft to 60,000 ft.

How high? How long?

""""" Aircraft HYPOXIA (PPB)
Cabin DCS
) EBULLISM
Altitude
A
FL600 —— e mm———
FL500 —— s .
; Rapid . Sustained Exposure
S :
J Emergency Descent
'I
’
FL225 L /
; Slow R
/’ Bubble
," Growth
+ Time
RD

Figure 1. Loss of pressurization options.

DCS and Bubbles

It is well known that DCS severity increases and onset times decrease with altitude (15). Furthermore,
rapid decompression to altitudes above 40,000 feet carries higher risk than slow ascents or ascents to lower
altitudes. However, few data are available on DCS in humans at altitudes above 40,000 ft. In-vitro bubble growth
experiments have shown that, at relatively low altitudes, i.e., less than 25,000 feet, bubbles grow at a gradually
decreasing rate and reach relatively small diameters. At high altitudes, i.e., over 30,000 feet, the bubbles maintain
a period of rapid growth before tapering off, and attain proportionately larger diameters (29). Asymptomatic
intravenous bubbles have been detected as low as 10,250 feet (10), while at higher altitudes, venous gas emboli
(VGE) and symptoms frequently occur in close succession (24). Olson and Krutz (29) concluded that the rate of
bubble growth and the resulting bubble size is the critical factor in the latency and development of DCS.
Petropoulos (31) modeled bubble dynamics and found that the bubble size was dependent on diffusivity, bubble
density, bubble nucleation rates, and altitude. He found that bubble diameter growth for rapid decompressions from
22,500 to 60,000 ft was very rapid, i. e., approximately 2 to 3 seconds to grow from 180 to 340 microns.
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The onset of symptoms is probably dictated not only by the size of the bubbles, but also by the number and
Jocation of these bubbles. Bubble formation is not well understood. The concept of bubble nuclei has gained
acceptance in recent years. However, the definition of bubble nuclei is controversial and has ranged from "tiny”
bubbles to "potential” for bubble formation (45). The advent of in-vivo bubble detection methods has confirmed
that the appearance of circulating non-symptom-producing bubbles, or "silent bubbles" can indeed occur well
before the clinical manifestations of DCS (35).

During the last decade, DCS research efforts have often used noninvasive precordial Doppler bubble
detection techniques (30). DCS studies at the Armstrong Laboratory currently use 2 combination of echo imaging
and Doppler for simultaneous visual and aural monitoring of precordial venous gas emboli (2). All subjects are
monitored with the echo/Doppler to document the onset and degree of bubble formation (48).

Although the use of precordial echo/Doppler recording has great research value, its clinical use is very
limited. It is difficult to correlate the occurrence of decompression sickness symptoms and the appearance of
intravascular bubbles. Indeed, subjects frequently have large numbers of bubbles without complaining of symptoms
and some have symptoms without any precordial bubbles. This is understandable because intravascular bubbles
may not correlate with extravascular bubbles and it is believed that the extravascular bubbles produce most

symptoms.

Right-to-Left Cardiac Cross-Over of Gas Emboli

Recent work at the Armstrong Laboratory has demonstrated that exposure to high altitude can result in
the crossing-over of venous bubbles to the arterial side of the circulation (34). This condition can have serious
clinical consequences. Although the cases recorded in these recent studies all occurred at altitudes below 30,000 ft,
it is reasonable to assume that the cross-over phenomenon is more likely to occur as the altitude increases.

It is generally believed that most often inert gas bubbles evolve either extravascularly in the tissues, or
intravascularly on. the venous side of the circulation. Evolved venous gas emboli circulate through the right heart
and are presumably filtered out in the pulmonary circulation (41). Although important in DCS research and in the
progress of our understanding of the physiological mechanisms of this condition, VGE per se have not necessarily
been considered clinically hazardous, unless in extreme numbers.

Arterial gas emboli (AGE), on the other hand, are generally viewed with great concern. Classic diver’s air
embolism can be fatal. Most often this condition is the result of pulmonary overexpansion during ascent in the
water, forcing air into the pulmonary venous circulation, through the left heart and to the cerebral arterial bed
resulting in blockage and ischemia (47). Another mechanism by which gas emboli could enter the arterial
circulation and cause cerebral damage is by the crossing-over of gas emboli from the venous to the arterial side of
the circulation. This may occur in the surgical setting, as well as the diving and aerospace situations (16, 37). Such
“cross-over” to the systemic circulation is thought to occur by one, or a combination of the following routes (5, 36):
1) intracardiac septal defects, 2) large anatomical shunts within the lung parenchyma, and 3) the pulmonary
microcirculation. Operationally, septal defects have been implicated in neurological DCS associated with diving
(26, 52), but not with aviation (7).

A reversal of the normal left-to-right pressure gradient must occur in order for VGE to cross into the left
heart. This right-to-left shunting can occasionally occur during quiet breathing. More profound reversals can occur
upon release of a Valsalva, cessation of positive pressure breathing, the L-1 or M-1 anti-G straining maneuver,
coughing, a Miiller maneuver, negative pressure breathing during restricted inhalation, and during any situation
that causes rapid and substantial venous return to the right heart (16). Most of these situations are common events
in the operational aerospace environments.
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In our recent study, left ventricular gas emboli were recorded with echo imaging in six volunteer subjects
during exposure to simulated altitude. Five of the cases became symptomatic simultaneously with the time of AGE
onset. The symptoms consisted of joint pain and skin mottling; no cerebral manifestations were reported. In all 6
cases, at the time of AGE onset, the VGE scores were high from all 5 monitored sites. Evaluation for intracardiac
septal defects/ PFOs resulted in the following data:

(1) subject positive with PFO by Transesophageal (TE) Doppler
(1) subject positive with a small sinus venosis defect by TE

(1) subject negative for any defects by TE Doppler

(2) subjects negative by 2-D Echo Imaging only

(1) subject not available for evaluation

The common factor in all 6 cases was the high VGE load. The animal studies of Powell (35), Vik (46),
and Butler (5) have demonstrated that cross-over will occur if enough VGE are generated. These studies
demonstrated that as the venous gas load increases, overloading the vascular filtering mechanism, pulmonary
arterial pressure (PAP) rises, arterial gas emboli start appearing, and neurological DCS and death can result. Since
the rise in PAP is the triggering mechanism for cross-over, it follows that in order to get a large enough PAP rise
to cause right-to-left slipover, there must be a large volume of VGE.

Since the results of this smdy showed that a septal defect was present in two subjects, but absent in
another, at least two mechanisms may be involved in the cross-over phenomenon. Thus, whether by atrial septal
defect (ASD), pulmonary microcirculation, or through A-V shunts, VGE can pass through the left heart, and be
carried into the coronary, cerebral or systemic circulation. As a result, the use of ASD screening for air crew to
reduce risk is not supported since the gas can cross-over through alternative channels. In addition, if TE is the best
method for diagnosing ASDs, and since it is an invasive, expensive, and very uncomfortable procedure, such
screening cannot be justified.

Cerebral arterial gas embolism is life-threatening and is thought to initiate a series of ill-understood
complex physiological processes that are similar to those of a stroke (11, 12, 17). This new finding of a
visualization of left-sided bubbles in human subjects at altitude points to an increased awareness of the potential
seriousness of exposing people to altitudes that generate large numbers of VGE. A case can be made that altitude
exposures that have been shown to repeatedly result in high venous gas loads in the majority of subjects should be
avoided by aviators because the onset of cerebral symptoms in-flight is a subset of DCS that has the most serious
consequences. Unlike the experimental situation in which subjects are monitored for intravascular gas, the pilot
has no way of knowing if be/she has bubble formation until symptoms appear. Although pain-only DCS is not a
life-threatening condition and is often ignored or simply not reported, cerebral symptoms such as blindness and
altered states of consciousness can result in the loss of pilot and aircraft. The worst case scenario might be a
situation in which a pilot is exposed for a period of time at 22,500 ft long enough to generate large numbers of
VGE, at which point cabin pressurization is lost and the pilot is decompressed to 60,000 ft. It is likely that bubble
growth will be massive and the PAP will rise rapidly resulting in cross-over of gas. This scenario is yet to be
demonstrated.

Decompression Sickness above FL 400

Unlike the U-2, the new high-altitude fighter aircraft will presumably not have preflight denitrogenation
procedures for protection against DCS. Yet it is likely that there will be a 5 psi differential pressurization schedule
used, resulting in a cockpit altitude of about 22,500 feet. Thus, cabin altitudes may reach levels known to have
significant DCS risk when exposure times exceed one hour (51). Furthermore, if an accidental rapid
decompression occurs during such a flight, DCS risk may become paramount.

There are very few studies on DCS above 40,000 feet. In 1945, Sweeney (44) reported that “about 20% of
the subjects decompressed to altitudes above 40,000 feet suffered bends during the ensuing five minutes at
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altitude.” Annis and Webb (1, 49) noted a DCS incident in one of their subjects within 5 minutes of being exposed
to 80,000 feet simulated altitude, even though he had prebreathed for 3 bours. These subjects were wearing an
elastic suit with positive pressure breathing capability. Results of a more recent study showed 50% DCS (n=4) in
subjects at rest exposed to 40,000 ft for 2 hours (24).

DCS Latency vs. Altitude

It has generally been assumed that there is a short "grace” period (5 to 10 min) before DCS onset at any
altitude above 30,000 feet due to the "inertia” of symptom onset. However, since essentially no hard DCS data for
altitudes above 40,000 feet exist, the real onset times at these low pressures are unknown. For lower altitudes, if
latency of DCS is plotted against altitude, there appears to be a linear relationship (32). Figure 2 shows the latency
of DCS with no prebreathing. The data for this plot was obtained from the Armstrong Laboratory DCS Research
Database (50), and a number of papers from the 1940s and 1930s (6, 9, 14, 18, 27, 43,). The results were screened
to only include experiments that used mild exercise and defined the onset of DCS as the point at which mild
symptoms were noted. There are no plots above 38,000 feet because usable data could not be found. When this
band of latency is extended above 40,000 feet, it can be concluded that the time to onset of symptoms becomes
"very short", probably shorter than was previously believed. Therefore, if the relationship in Figure 2 holds, there
may be a significant DCS hazard in high-altitude " get-me-down" scenarios even with very short exposure times.
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Figure 2. Altitude vs. time to DCS symptom onset.
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Rapid Decompression and 'Get-Me-Down' Scenarios

The possibility of unplanned rapid decompression from loss of aircraft pressurization while at high
altitude is of concern. In the flight scenario in which an unplanned rapid decompression to the ambient altitude of
60,000 ft is preceded by 1-2 hours of cruise at a cabin altitude of 22,500 ft, it can be assumed that bubbles were
present prior to the rapid decompression. Thus, the moderate DCS risk associated with exposure to 22,500 ft will
be magnified by the rapid decompression. In this scenario, existing gas emboli that slowly developed during the
initial phase of the flight will rapidly expand during the rapid decompression phase, resulting in potentially serious
symptoms with very short onset times--even shorter than those described in Figure 2. Even so, if recompression is
rapidly initiated, and if the pilot stays conscious, chance for survival is excellent. This emergency situation is
referred to as a "get-me-down" scenario. After loss of pressurization, the pilot is subjected to positive pressure
breathing for hypoxia and descends to lower altitude as soon as possible, i.e., 1 to 2 minutes. Descending to below
10,000 ft will result in very low DCS risk, but under wartime conditions to perhaps very high threat from the
ground (Figure 3). If the descent is to 25,000 ft, the DCS risk will be high because of the exposure at 22,500 ft and
the RD. Of course, if the pilot breathes oxygen, he will have a lower risk than if the "normal” setting is used
(Figure 4). If, because of ground threat, the pilot chooses to stay in the 35,000 to 40,000 ft altitudes, he will avoid
the need for PPB, but his DCS risk will be very high and onset times short (Figure 5).
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Figure 3. Get-me-down scenario with descent to 10,000 ft.

56




Altitude

T Aircraft
FL 600 —— Fasha Cabin
’
/ Rapid
/ Bubble
FL400 —— !/ Growth
I’l
,’l 02 vs “Normal”
FL250 __ / “Normal”
FL225 —— High DCS
J Slow Risk
K Bubble
’ Growth

\j

Time
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Figure 5. Get-me-down scenario with descent to 40,000 ft.

Sustained Exposure

Perhaps the highest DCS hazard is associated with potential situations in which descent to low altitude
may not always be possible after an unplanned loss of pressurization (Figure 1) because operational constraints
may overshadow physiological concerns, and may force the continuation of flight at the higher altitudes. Such
sustained exposure could be accompanied by extremely high DCS risk, possibly some degree of ebullism (see
below), and high levels of PPB to maintain consciousness (Figure 6). Therefore, determination of this DCS risk
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and latency at the higher altitudes is crucial to future fighter operations. If the risk is too great for sustained
exposure at 60,000 ft, how long could the flight be sustained at 50,000 ft or some combination of descending
altitudes? In a joint USAF/RAF Decompression Research Program, chamber protocols are currently being used to
study the DCS and gas emboli risk for these scenarios.
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Figure 6. Sustained exposure at 60,000 ft.

Ebullism

If an aircraft was flying at altitudes higher than 63,000 feet and had an RD, an additional physiological
hazard known as ebullism would occur in the unprotected or partially protected individual. Ebullism is the
spontaneous boiling and degassing of body fluids and tissues as well as evaporative cooling and loss of body water,
heat, and other materials (32). Conditions necessary for ebullism are present when the body is exposed to pressures
below about 47 mmHg (63,000 feet or 0.91 psi) for a human with a core temperature of 37°C. This altitude is
referred to as the Armstrong Line (53). However, due to variations of pressures and temperatures in the body, it is
perhaps better to think of this limit as a band of altitude rather than a line. Ebullism in exposed human tissue may
begin as low as 55,000 feet (39). When the vapor pressure of a tissue is reached, liquid changes to its gaseous state
and gas cavities are formed in the tissue. Due to slight pressure and temperature differences among various tissues,
the extent of these gas pockets will vary. Likewise, when recompression occurs, the gas pockets will spontaneously
collapse into the fluid phase.

The pathophysiology of ebullism in animals was extensively studied in the 1950s and 1960s (3, 8, 13, 19,
21, 38). The animals in these studies were exposed to altitudes above 70,000 feet without protective equipment.
Table 1 lists many of the effects of such exposures, some of which are prevented by the addition of positive
pressure breathing.
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Table 1. Some observed effects of ebullism in animals.

Severe tissue hypoxia immediately on decompression
Body volume doubles in 5-10 secs
Vomiting/defecation/urination in 5-10 secs
Unconsciousness/collapse in 9-12 seconds

Loss of voluntary control in 10 secs

Freezing of secretions (e.g. urine, salvia) by evaporation
Body temperature lowered by evaporation

Rapid increase in venous pressure

Circulatory arrest in seconds

Tonic and clonic seizures in 10-30 seconds

Apnea and spastic rigidity within 30 seconds

Total flaccid paralysis around 30 seconds

Nevertheless, survival is possible. Animals survive after exposure to hard vacuum from 90 to 210 seconds
(3, 19, 21, 38). The significant factors influencing immediate survival are re-establishment of circulatory integrity
and the degree of pulmonary and cerebral damage. The degree of damage to the lungs is critical to survival.
Autopsies of animals exposed to vacuum universally show massive pulmonary damage that can range from
petechiae to severe atelectasis to frank hemorrhage (13). Unless pulmonary exchange can be re-established,
survival is not possible. If pulmonary exchange is possible, cerebral resuscitation may be successful depending on
the exposure time.

Humans have been exposed accidentally to hard vacuum. There is one published case report in the
literature of a prolonged unprotected exposure (22). In addition, several anecdotal reports of human exposures to
vacuum exist. In these cases, people survived with limited or, in one case, no protection. During such unprotected
exposures, the subjects lost consciousness rapidly and had varying degrees of injury, ranging from no significant
symptoms to massive cerebral and pulmonary injury requiring intensive medical intervention. In the cases of
partial protection (20), subjects described swelling and pain in exposed limbs. Whether these changes were severe
enough to prevent a pilot from manipulating flight controls, or controlling the aircraft, is unknown. In one
videotaped case (23), a subject was testing a space suit, lost suit pressure, and was instantaneously exposed to an
altitude of 120,000 feet. He remembers the saliva boiling on his tongue prior to passing out, and then recalls the
chamber monitor calling 14,000 feet as the chamber was being recompressed. He suffered no complications from
this incident and was not hospitalized afterwards. The one published case history involved an individual who was
exposed to approximately 74,000 for 3 to 5 minutes in an industrial accident (22). He was aggressively treated with
hyperbaric oxygen and full ICU support. Neurological tests one year after the incident were above baseline levels.
The authors did report the need to intubate the patient to avoid respiratory compromise due to frank pulmonary
bleeding.

Since cerebral tissues tolerate low O2 tensions poorly, cerebral oxygen supplies must be re-established to
avoid long term neurologic sequelae. In addition, cerebral tissue itself can undergo mechanical disruption by
bubble formation. Despite these potential problems, most animal research reports show good recovery of neurologic
function after as much as 2.5-3.5 minutes of exposure (21, 38) The industrial accident patient had decerebrate
posturing and coma after his exposure; however, all neurologic measurements were returned to baseline levels
within one year.

Future fighter aircraft may routinely fly at or above 63,000 feet. At present, crew protection against
ebullism consists of cabin pressurization and full-coverage pressure suits. For example, in the U-2/TR-1
reconnaissance aircraft, a full-pressure suit is normally wormn deflated. If there is an accidental loss of pressure, the
suit antomatically inflates. Full-coverage suits, however, severely limit mobility. In an effort to protect the pilot
from both high-altitude exposure and high acceleration, yet retain mobility, integrated partial-pressure/G-suits
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have been used. The disadvantage of these suits is that no protection is provided to the head or upper extremities,
resulting in the potential for severe injury in the event of rapid decompression.

There is no medical treatment protocol for ebullism, probably because it is generally accepted that
exposure to a vacuum is not survivable. That opinion is based, at least in part, on the results of the 1960s animal
research. In addition, operational constraints dictated a fatalistic view. Survival was simply not considered
possible. That view changed in 1982 when the industrial accident case history (22) was published describing the
successful use of hyperbaric oxygen therapy.

The immediate objective is to re-establish pulmonary exchange. No research data are available. However,
the use of PEEP and High Frequency Ventilation have been suggested for combating the massive atelectasis.
Unless the lung is viable, death will result from cerebral anoxia. Other treatrnent objectives would appear to be best
met by the use of hyperbaric oxygen therapy (HBO). The rationale for use of HBO for decompression accidents
includes 1) bubble size reduction, 2) hyperbaric oxygenation of hypoxic tissues, 3) bubble resolution, and 4)
reduction of neurological edema. However, recent work in our lab did not support this (42). It was found that
ground level oxygen therapy was more effective than either HBO or ground level air breathing.

Conclusions

As a pilot's exposure altitude increases the incidence of DCS increases. Cabin altitudes in future high-
altitude aircraft may reach levels known to have significant DCS risk. If an RD occurs, DCS risk will increase
further. The altitude to which a pilot in a "get-me-down" scenario should descend to must be determined. If flight
at these high altitudes must be continued after a rapid decompression, the DCS risk may become limiting. The new
finding of left-sided bubbles in human subjects at altitude points to an increased awareness of the potential
seriousness of exposing people to altitudes that generate large numbers of VGE. Exposure of unprotected or
partially protected humans to altitudes above 63,000 feet results in tissue fluid vaporization, or ebullism. Survival
can undoubtedly be improved with a better understanding of the pathophysiology of ebullism, improved protective
measures, and the development of specific medical protocols.
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Discussion

DR. PILMANIS: In a recent study, we exposed amimals to high altitude and the ebullism was severe.
Unconsciousness occurred in less than 10 seconds.

DR. ACKLES: This is to what altitude?

DR. PILMANIS: We exposed about 200 animals to 87,000. It is severe in an unprotected animal. However, even
minimal protection will reduce the effect. Certainly any amount of pressure breathing or mechanical compression
of the body will improve the situation.

DR. GOODMAN: The potential bubble cross-over effects are very troubling. When you consider the rapid bubble
growth that you projected at 60,000 feet and when you combine that with the enhanced cross-over effect, we might
have to start thinking about the ramifications of high-level cardiovascular screening. What size bubble do you need
to cross over into the coronary circulation? If you're getting some large bubbles into the coronary or cerebral
circulation, we could be looking at a whole host of real serious problems?

DR. PILMANIS: I can't answer any of that, but the question goes on the list.
COL. STORK: I think a problem with the methodology is that you can't tell us about bubble volume.

DR. PILMANIS: True.

COL. STORK: We can only talk about the numbers that are present, but nothing about the size or the volume that's
involved.

DR. GOODMAN: That's one of the problems that has to be sorted out. What is the critical bubble size before you
have physiological problems?

DR. ACKLES: Have you done any measurements of pulmonary arterial pressure during the bubble growth?

DR. PILMANIS: We're about ready to start doing that. The technology is improving, but the methods are difficult.
I just received a Russian paper where they did invasive measurements at altitude. When venous gas emboli
occurred during altitude exposure, pulmonary arterial pressure did go up significantly.

DR. ACKLES: To the cross-over effect?

DR. PILMANIS: They did not mention cross-over to the arterial side of circulation. In another study, the bubbling
reached a point where all the sheep died from air embolism. So if you carry it far enough, it does become quite
dangerous. The question is whether we are in that range or are we well below that range?

SQN LDR RYLES: What we're hoping to do is to use 2D echocardiography to non-invasively measure pulmonary
arterjal pressure and at the moment, we're in the phase of assessing how effective that measure is. It might not
have the resolution that we need. The only method that's been successfully used is indwelling lines, which is not
what we would prefer.

PROF. ERNSTING: I would like to introduce a general point. From the intravascular bubble formation point of
view, it seems a little unrealistic to talk about 60,000 feet exposures, because most of our breathing systems
maintain the absolute pressure in the lungs of 120-130 millimeters of mercury and that's going to be transmitted
directly to the heart. I don't see the pressure inside the heart chambers dropping below that absolute pressure
because in most pressure suit systems, you have trouble getting rid of gas in a rapid decompression. I suppose one
place that the pressures would drop close to ambient would be on the venous side of circulation. It's interesting to
think what happens to those bubbles as the blood flows into the venous reservoirs and breathing pressure increases
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when you're exposed to 60,000 feet, do the bubbles get smaller again because the pressure has gone up? The
absolute pressure in that blood is going to have to come back to the baseline level. I feel as you do, that it's bubbles

outside the central circulation that causes the problem.

DR. PILMANIS: Except for bubbles that cross over to the arterial side. I worry about that, but that does require a
fairly severe condition before occurring. Under those circumstances the chances are good that they will lose

consciousness rapidly.

COL. SHERMAN: Would it be possible to develop a computer-monitored life-support system integrated with a
automatic recovery system like the G loss of consciousness (GLOC) system? For example, if you were flying an F-
22 and you had experienced a decompression where imminent incapacitation would be expected because the
pressure assembly was inadequate to maintain consciousness, would it be possible to develop an automatic recovery
system which would bring the aircraft to a lower altitude on a preselected course until the pilot recovered. I realize
this is a question that only applies to future aircraft and depends on whether the policy makers will fund the

concept.

LT. COL. DEMITRY: The automatic recovery system for G loss of consciousness is not robust, but it certainly has
been demonstrated many times and is credited with saving multiple lives in flight tests.

DR. PILMANIS: I suppose the question is whether the need to be exposed to those flight conditions is sufficiently
critical to risk loss of consciousness which would lead to the development of a recovery system ot should you avoid
the situation in the first place? Another trade off.

LT. COL. DEMITRY: I have a few comments that are not fully independent of your question? We really do need a
computerized model, that takes in all the different operational conditions and provides the protection
automatically. I view it as an operator; I want automatic fuel flow so that I don't have to worry about fuel
management. I don't want to have to worry about my life-support systems. If I'm going high, and we're going there,
the life support systems must keep up with the aircraft technology. Before we can automate anything, however, we
need a model based upon empirical data. We know what the flight control systems can do. We know about fuel
flow and propulsion. We need to know what we can expect from the life-support system before going into that
environment.

COL. STORK: Let me take just a moment and summarize what I think we've covered this moring. There were
several salient points that immediately come to mind: we're presently flying above 50,000 feet and we're doing that
with inadequate protection of the aircrews; the F-22 and future aircraft will routinely fly above 60,000. Except for
the F-22, there are currently no requirements for a life-support program in the Air Force focused towards high-
altitude protection; one of the major accomplishments is that we've finally reached some agreement on oxygen
delivery equipment and standards, thanks in good part to the efforts of Dr. Emsting. Although there is good
agreement on minimal standards for FIO2, there's still some discussion on what the maximum FIO2 should be as
regards the operational importance of atelectasis; the DCS risk will be significantly increased at altitudes above
50,000 feet and there is the additional complication of ebullism above flight level 630 and how that might lead us
to more seriously consider the need for full- or partial-pressure suit protection. Whether the problem is ebullism or
decompression sickness or oxygen delivery schedules or PPB or whatever, it's the integrated aggregate of problems
we need to be concerned with. We need to be focusing on the human system with all of the complications of the
life-support equipment, and how that performs within the weapons system ,and how that weapons system is
employed. It is very clear that we can't afford to look at any one particular problem in isolation.
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High Altitude Breathing Systems and Requirements

Richard M. Harding, Wing Cmdr, RAF (Rtd),
Ph.D., BSC, MBBS

The primary purpose of oxygen equipment is, of course, to prevent the hypoxia associated with ascent to
altitude, to whatever level. In achieving this aim, however, a number of factors must be considered, both of a
physiological nature and in general terms. This paper therefore describes the theoretical physiological and general
requirements of oxygen systems, and some aspects of current equipment design and compliance.

Physiological Requirements of Oxygen Systems

Provision of adequate oxygen concentration at adequate pressure. In order to prevent hypoxia, alveolar
oxygen tension (P50,) must, if possible, be maintained at its sea level value of about 103 mm Hg. This can be
achieved by a progressive enrichment of inspired air with oxygen, at the expense of nitrogen as altitude increases
(termed Airmix). Eventually, the inspirate will be composed entirely of oxygen and this point is reached at an
altitude of 33,700 feet, where atmospheric pressure (Pg) is 190 mm Hg: P,0, = 103 mm Hg, PAH,0 = 47 mm
Hg, and P, CO, = 40 mm Hg.

Thus, P AO?. at 33,700 feet when breathing 100% oxygen will be the same as P A02 at sea level when
breathing air: an example of the concept of Equivalent Altitudes.

At altitudes above 33,700 feet, even 100% oxygen will not prevent a fall in P 40, but, becanse of the
significance of the shape of the oxygen dissociation curve, severe hypoxia will not begin to develop in healthy
individuals until P AOZ has fallen to below about 54 mm Hg. This may be predicted to occur at an altitude of about
40,000 feet where: Pg = 141 mm Hg: PAH)0 = 47 mm Hg, P,CO, = 40 mm Hg and P, O, = 54 mm Hg. An
altitude of 40,000 feet (equivalent to an altitude of 10,000 feet when breathing air) is the maximum to which ascent
may safely be made, even when breathing 100% oxygen, and 141 mm Hg should therefore be regarded as the
“ideal” minimum to which total lung pressure can safely be allowed to fall.

At altitudes above 40,000 feet, 100% oxygen under positive pressure (Pressure Breathing for Altitude
protection (PBA)) must be delivered in order to prevent hypoxia; and, in order to maintain total pressure within the
lungs at the minimum acceptable level (i.e., at 141 mm Hg: the 40,000 feet equivalent), the magnitude of positive
pressure breathing delivered must increase progressively with altitude. So, for example, at an altitude of 45,000
feet (where Pg = 111 mm Hg: P,O, = 39 mm Hg, P AHQO = 47 mm Hg, and P,CO, = 25 mm Hg) a positive
pressure of 30 mm Hg will be required. Clearly, even higher levels of pressure breathing are required as altitude
increases.

Pressure breathing is not without considerable physiological penalties of its own, however, both of a direct
nature and on the cardio-respiratory system. Consequently, at very high aititudes, the level of pressure required to
prevent hypoxia completely must be balanced against the potential disadvantages of that pressure. In other words, a
compromise must be reached between the magnitude of pressure breathing that is physiologically tolerable and an
acceptable degree of hypoxia. Furthermore, it is important to appreciate that PBA is an emergency procedure only,
and that the physiological acceptability of such protection is predicated on the assumption that descent to a safer
altitude will be (and must be) initiated immediately the emergency occurs.

It is as an attempt to minimize the potentially harmful physiological effects of positive pressure breathing
that counterpressure garments are employed to support the chest, abdomen and limbs. These so-called partial-
pressure assemblies become more extensive the higher the altitude to which the aircrew may be exposed, such as
when even higher levels of pressure breathing are required, or indeed if the breathing gas is other than 100%

67




oxygen (such as the 94% provided by first generation molecular sieve oxygen concentrators). For example, an
oronasal mask, although capable of holding a positive pressure of 100 mm Hg, is suitable for use by itself with
pressures of up to only 30 mm Hg. When used in conjunction with a sleeveless but conventional upper pressure
garment (such as the venerable RAF partial-pressure jerkin (PPJ)), a maximum pressure of 60 mm Hg can be
tolerated, while the combination of mask, PPJ and lower pressure garment (ie G-trousers) will allow 70 mm Hg to
be tolerated at an altitude of 60,000 feet. At pressures above this (and up to 100 mm Hg), head and neck discomfort
dictate the need for a partial-pressure helmet (together with upper and lower pressure garments) to apply breathing
pressure not only to the respiratory tract but also to the ears, the neck and the floor of the mouth. If exposure to
altitudes that would require the protection of more than ~100 mm Hg positive pressure is possible, then a full-
pressure suit must be worn. The implications for these requirements of the routine use of pressure breathing for G
protection (PBG) and the consequent need to reduce the weight and bulk of protective garments, are discussed
elsewhere.

Figure 1 summarizes the relationship between the altitude to which decompression occurs, and the time
imposed to achieve a safe descent for these combinations of partial-pressure equipment. All three combinations of
equipment and pressure breathing levels will provide protection against the effects of loss of cabin pressurization
up to the indicated cabin altitude, provided that immediate descent at the maximum rate (10,000 feet per minute) is
undertaken to below 40,000 feet.
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Figure 1. Relationship between DCS onset altitude and time required for safe descent under 3 equipment
conditions.

The physiological requirements for oxygen on ascent to altitude may be summarized thus:

0 - 8,000 feet Air
8,000 - 33,700 feet Air enriched with oxygen
33,700 - 40,000 feet 100% oxygen
above 40,000 feet 100% oxygen under pressure

In practice, pressure breathing usually commences when cabin altitude exceeds about 38,000 feet.
Furthermore, inspired oxygen concentration prior to a rapid decompression must be sufficient to prevent hypoxia
occurring immediately after the event.

68




Provision of Adequate Nitrogen. In order to avoid acceleration atelectasis, the inspired gas should contain
at least 40% nitrogen, provided that the requirements to protect against hypoxia are not compromised.

The physiological requirements for inspired gas composition described allow the construction of a cabin
altitude vs oxygen concentration diagram of the sort shown in Figure 2.

AIRCRAFT ALTITUDE (FEET)
26,000 36,000 50,000
100 ‘ i - *

PREVENT ACCELERATION

ATELECTASIS \

MAXIMUM

PREVENT HYPOXIA
IN STEADY STATE

PREVENT HYPOXIA ON
RAPID DECOMPRESSION

OXYQEN CONCENTRATION (%)

0 10,000 20,000 30,000
CABIN ALTITUDE (FEET)

Figure 2. Cabin altitude vs. oxygen concentration with regard to prevention of atelectasis and hypoxia.

In this figure, the lower curve represents the minimum concentration of oxygen required to prevent
hypoxia, while the upper curve represents the maximum oxygen concentration acceptable if acceleration atelectasis
is to be avoided. The kink in the “hypoxia curve,” the precise position of which will vary with the cabin
pressurization profile of the aircraft (i.e., with the relationship of cabin altitude to aircraft altitude (top axis),
reflects the additional oxygen concentration in the inspired gas required to prevent hypoxia should a rapid
decompression take place from within that band of cabin altitudes. Similarly, the increase in the upper curve from
60% oxygen at a cabin altitude of about 15,000 feet to 80% (in this example) and then to 100% by 20,000 feet
reflects the need to breath 100% oxygen on, or immediately after a rapid decompression. Such a diagram can be
used by engineers responsible for the construction of the breathing system as the basis for design, since the
described limits indicate the band between which oxygen delivery to the user must be controlled.

Provision_of Adequate Ventilation and Flow. Current (ASCC) requirements state that military oxygen
systems for use by aircrew should accommodate peak instantaneous flows of 200 L(ATPD).min ", at a maximum
rate of change of 20 L(ATPD).sec “2_ Furthermore, the system should be able to deliver a respiratory minute
volume of at least 60 L(ATPD). There is evidence to suggest that while peak inspiratory flows in flight may
occasionally exceed 200 L(ATPD).min ™ during air combat maneuvering, minute volumes as high as 60 L(ATPD)
are seldom achieved. The greatest demand placed on a breathing system is on the ground prior to take-off:
unfortunately, breathing system performance is usually at its worst in this situation.

Imposition of Minimal Added External Resistance. Added external resistance, whether it be in the
inspiratory or expiratory phase of the respiratory cycle will produce unwanted physiological effects, including a
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reduction in minute volume, an increase in the work of breathing, hyperventilation, and feelings of asphyxia. It is
therefore most important that the external resistance imposed by a breathing system be kept as low as possible, and
so allow respiratory demands to be met. Thus, the opportunity must be taken whenever possible to reduce sources
of added external resistance. Low pressure flow pathways (known to be the main culprits responsible for added
resistance) should ideally be wide-bore and smooth-bore with as few acute bends as practicable, and the design of
oronasal mask valves should be optimized within the constraints of providing the other required featres of

military breathing systems.

Dispersal of Expirate. The breathing system must be designed so as to disperse expired carbon dioxide to
ambient, to keep added dead space as low as possible (2 600 ml) in order to avoid significant rebreathing, and to
allow the delivery of 100% oxygen as soon as possible after rapid decompression.

General Requirements of Oxygen Systems

Safety Pressure. A slight but continuous overpressure (safety pressure) in the system will ensure that any
leaks from it (most commonly from an ill-fitting mask) will be outboard, ensuring that alveolar oxygen tension is
uncompromised, particularly when above 10,000 feet.

Protection Against Toxic Fumes and Decompression Sickness. The ability to select 100% oxygen
manually at any altitude provides protection should cabin air become contaminated by toxic fumes, and should
decompression sickness be present or a possibility.

Evaluation of Integrity. Indication of Supply and Flow, and Indication of Failure. It should be possible for
the user to establish the integrity of the system before take-off by means of a simple test (for example, by manually

selecting the pressure breathing facility for a brief period). Once in use, a visual indication of gas supply and flow
should be available to the user. Furthermore, any degradation of the system in flight should be made apparent to
the user immediately, either by some subjective means (such as an added resistance to breathing if a disconnect
occurs) or by an objective indication (such as a low pressure warning light).

Convenience. As far as possible the system should be simple to use, and preferably automatic.

Duplication. In those aircraft in which the oxygen equipment provides the primary protection against
hypoxia (i.e., in those with low differential pressure cabins), a degree of redundancy is essential. In modemn
systems this is frequently achieved by providing a standby or secondary breathing regulator for use should the
primary device fail. An alternative and independent oxygen supply (Emergency Oxygen or “EO”) should also be
provided for use if the primary supply fails or is contaminated.

Protection During High-Altitmde Escape. The possibility of an escape from a military aircraft at high
altitude requires the provision of an oxygen supply for use after abandonment during descent to below 10,000 feet.
Such a supply, which usually doubles as the EO, must obviously leave the aircraft with its user, and so is
commonly mounted on the ejection seat.

Independence from the Environment. All items of oxygen equipment must function satisfactorily in the
various extreme environmental conditions met with in flight: that is, conditions of pressure, temperature
(especially cold), acceleration, vibration, and windblast. In this respect, cognizance of the requirement for NBC
protection is also necessary.

Current Systems
A brief consideration of the evolution of oxygen systems over the past half century will give an indication
of the extent to which these “ideal” requirements have been realized--and to what extent improvement is still

needed.
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Until the early 1940s, oxygen delivery to aircrew was by means of a simple continuous flow system from a
gaseous oxygen storage cylinder to a valveless oronasal mask. Such systems were then widely replaced by the more
efficient and effective Economizer system, in which a non-rebreathing reservoir was interposed between the source
of breathing gas and the user. The late 1940s saw the introduction of pressure demand oxygen systems, with the
breathing gas (as 100% oxygen or as “airmix,” by injection air dilution) being delivered only on demand via
mechanical panel-mounted regulators. These devices also provided safety pressure automatically above 10,000 -
12,000 feet, and pressure breathing, again automatically, above 38,000 feet. Variants were later built to
accommodate the increased pressure breathing delivery characteristics required for use with partial-pressure
clothing at altitudes above 45,000 feet.

A further refinement, in the UK, was the introduction in the mid 1950s of the P/Q series of oxygen masks
with their increased comfort, stability under +Gz acceleration, and excellent sealing properties during pressure
breathing. These masks incorporated a non-return inspiratory valve and a pressure-compensated expiratory valve.
The overall resistance to breathing from these systems, however, remained quite high; although the later
introduction in British aircraft of personal equipment connectors (PECs)-- the means by which pneumatic and
electric supplies to the pilot were delivered via a single-point mechanism-- facilitated greater use of lower
resistance wide and smooth bore anti-kink hosing. The use of a PEC also allowed the EO supply to be plumbed in
permanently, so dispensing with the need to connect it, and its complex pull-off inward relief/excess pressure relief
device, directly to the mask hose during the strapping-in procedure. The EO system could also be more
sophisticated, even to the point of mimicking the pressure demand characteristics of the primary system.

The oxygen systems installed in USAF fast jet aircraft have remained relatively unchanged since the
1950s, with most still incorporating pressure demand panel-mounted regulators. The design has been refined
considerably over the years so that the current CRU series of “narrow” regulators occupy less panel space and bave
improved performance characteristics. A seat-mounted continuous flow EO system is still used, with delivery via a
pull-off inward relief/excess pressure relief connector. The early A13A oxygen mask was succeeded by a series of
MBU masks with improved sealing capabilities. The combined inspiratory and compensated expiratory valve fitted
to some of these masks did, however, impose considerable resistance to breathing; as does the delivery hose
arrangement in even the most modern assemblies (e.g., TLSS and COMBAT EDGE).

With increasing avionic sophistication came the need to make available as much console space as
possible: for life-support engineers, this meant relocating elements of the oxygen system. The use of pneumatic
engineering allowed miniaturization of pressure demand regulators to the extent that they could be practicably
mounted on the man. In the UK, the first such device was introduced in the late 1960s to replace the American
100% oxygen regulator system supplied with the F4 aircraft purchased for the RAF and RN. Miniature man-
mounted regulators successfully equipped a generation of British fast jet aircraft, but were not without problems.

For all subsequent UK aircraft, therefore, so-called duplex seat-mounted pressure demand oxygen
regulators have been procured, integrated with a PEC, and comprising a main and a standby regulator. Control is
based on pneumatic principles with a pilot valve governing flow of oxygen through a main demand valve, while
gas loading of the breathing diaphragm provides safety pressure and pressure breathing. The main regulator
provides the usual airmix facility to 33,000 feet with safety pressure from 15,000 feet; while the standby regulator
delivers 100% oxygen under safety pressure at all altitudes. This duplication of regulators provides a high degree
of redundancy, and so enables a mission to proceed even when the main breathing device has failed. A gas-loaded
air inlet will impede inspiratory effort in the absence or failure of the breathing supply, so providing the all-
important and immediate subjective indication of something amiss. A seat-mounted oxygen regulator also allows
relatively simple incorporation of an EO supply.

Despite the considerable disadvantages of using liquid oxygen (LOX) as a source of breathing gas, LOX
has been the storage method of choice for many decades by virtue of the savings it offers in terms of weight and
bulk. But now, molecular sieve technology has reached maturity, and its potential for use in military aircraft is
being realized. This important topic is discussed elsewhere, but it must be emphasized that a Back-Up, Auxiliary,
or Stand-By supply of gaseous oxygen (BUO, AOS, SBO) is still highly desirable in current Molecular Sieve
Oxygen Concentrator (MSOC) systems.
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Thus, there has been a steadily progressive evolution of oxygen systems for high-performance aircraft over
the past few decades and, while national differences do exist, there are some clear generalizations best shown by
summarizing the leading generic particulars of systems fitted to some current aircraft.

Example 1 F15, F16 [conventional]

- LOX with no stabilization

- single, panel-mounted pressure demand regulator

- delivery of airmix and 100% oxygen

- delivery of safety pressure and pressure breathing

- continuous flow, seat-mounted EO supply delivered via quick-release pull-off mask
hose connector

- relatively high resistance to breathing because of hose, connectors and combined
valves in mask

Example 2 Tornado, Hawk

- LOX with stabilization

- duplex, seat-mounted pressure demand regulator, integrated with a PEC

- delivery of airmix and 100% oxygen via lockable mask-hose connectors

- delivery of safety pressure and pressure breathing

- seat-mounted EO supply delivered via standby regulator

- relatively low resistance to breathing because of wide PEC ports, wide, smooth bore
anti-kink hose, and low resistance mask valves

Example 3 Harrier GRS

-MSOC

- duplex, seat-mounted pressure demand regulator, integrated with a PEC

- delivery of airmix and 100% oxygen via lockable mask-hose connectors

- delivery of safety pressure and pressure breathing (incl PBG)

- seat-mounted EO/BUO supply delivered via standby regulator

- relatively low resistance to breathing because of wide PEC ports, wide, smooth bore
anti-kink hose, and low resistance mask valves

Example 4 Eurofighter [final system]

- MSOC

- seat-mounted Aircrew Services Package, comprising duplex pressure demand regulator
and anti-g valve, integrated with a PEC

- delivery of airmix and 100% oxygen via lockable mask-hose connectors

- delivery of safety pressure and pressure breathing (incl PBG)

- seat-mounted EO/BUO supply delivered via standby regulator

- relatively low resistance to breathing because of wide PEC ports, wide, smooth bore
anti-kink hose, and low resistance mask valves

Example 5 F22
-MSOC
- panel-mounted pressure demand regulator with integral anti-g valve (BRAG)
- delivery of airmix and 100% oxygen
- delivery of safety pressure and pressure breathing (incl PBG)
- seat-mounted EO supply delivered via dedicated mini demand regulator
- No BUO supply
- moderate resistance to breathing because of hose and connectors
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The facilities provided by current oxygen systems represent the distillation of much experience with many
configurations of various components. The duplication of the pressure demand regulator, in particular, and the
associated arrangement of controls, has provided greater redundancy, improved physiologic performance
(especially with respect to breathing resistance), and enhanced operational capability. But this has been achieved at
the expense of simplicity of design and construction, and at considerably higher financial cost.

Discussion
COL. SHERMAN: Maj. Neubeck, do you have a chart showing the pressurization curve for the F- 22, or what the
schedule is going to be?
MAJ. NEUBECK: No, sir, I don't.

MS. MCGARVEY: We can present one. It is just like the schedule in the F-15 and F-16 aircraft. It's an isobaric
schedule that starts at 8,000 feet and maintains a 5 PSI differential to altitude.







Evolution and Operational Use of
Molecular Sieve Oxygen Concentrator Systems

George W. Miller, Major, USAF (Ret)
1Lt Jerold E. Fenner

Introduction

The purpose of this paper is to review the development of molecular sieve oxygen concentrator systems.
Emphasis will be placed on US Air Force systems. Oxygen concentrator performance, operational use, and backup
oxygen system capacity will be discussed. Further, potential future technologies which may be applied in aircraft
oxygen systems will be mentioned.

Presently, molecular sieve oxygen concentrator (MSOC) technology is routinely applied on military
aircrafi for the generation of an oxygen enriched breathing gas to prevent hypoxia. MSOC:s use a technique known
as pressure swing adsorption (PSA) to separate oxygen from engine bleed air. This technique has grown in
popularity in recent years because of its simplicity, reduced energy consumption, and low operating costs when
compared to conventional liquid oxygen systems. Use of MSOC technology on military aircraft eliminates the
liquid oxygen logistical requirements and safety issues, decreases aircraft turn-around time, allows more options
for aircraft basing, extends mission time if limited by the quantity of liquid oxygen, and significantly lowers
operational costs. Although many types of oxygen generating systems, such as permeable membrane,
electrochemical, organic chelate, and ceramic have been investigated for aircraft use, only MSOC technology has
been installed on production aircraft.

MSOC systems and liquid oxygen systems differ in several fundamental characteristics. Liquid oxygen
systems contain a finite amount of oxygen which can limit mission duration. MSOC systems will continue to
supply enriched oxygen if sufficient engine bleed air pressure is delivered to the concentrator. This pressure can
vary significantly during the different phases of the mission. Liquid oxygen systems are self-contained and
independent from other aircraft systems. MSOC systems must be integrated into the aircraft environmental control
system. Generally, the goal of this integration is to minimize MSOC weight and space and maximize performance.
Liquid oxygen systems can deliver 99.5-100% oxygen on demand simply by switching the aircrew regulator to the
100% mode. Current operational molecular sieve oxygen concentrators are limited to a maximum oxygen
concentration of up to 93-95%. Further, this purity can only be delivered under certain operating conditions.

Typically, MSOCs are comprised of two or three beds or canisters of molecular sieve adsorbent, valving, a
purge orifice, and an electronic timer (Figure 1). In the PSA process, the adsorbent beds are alternately cycled
through steps of adsorption and desorption. During the adsorption step, air at moderate pressure (20-60 psig)
enters the adsorbent bed, whereupon nitrogen is preferentially adsorbed and enriched oxygen is recovered from the
MSOC product port. During the pressurization step nitrogen is adsorbed because the molecular sieve has a greater
affinity for the nitrogen molecule. The adsorption step is followed by desorption, or venting, of the adsorbed
nitrogen to ambient pressure. The ambient pressure varies with the aircraft altitude. This swing in pressure
reverses the adsorption process. At ambient pressure the molecular sieve can retain only a small portion of the
nitrogen, hence, most nitrogen is released. During the desorption step, a small portion of the product oxygen flows
through the orifice to the depressurized bed to purge the remaining nitrogen from the bed. This phase of the
process prepares the molecular sieve for the next pressurization step. These cycles of adsorption and desorption are
continuously repeated resulting in a stream of enriched oxygen at the outlet of the oxygen concentrator.

MSOC system performance is affected by intrinsic and extrinsic factors. Intrinsic factors are determined
by the specific MSOC design. Several intrinsic factors are the type and quantity of molecular sieve, concentrator
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cycle time, and purge flow. The quantity of molecular sieve determines the amount of nitrogen which can be
adsorbed during the pressurization step. Hence, a concentrator designed for greater oxygen flow (or more crew
members) will require a greater quantity of molecular sieve. Also, a faster (or shorter) cycle time will improve
MSOC performance while a slower (or longer) cycle time will lower performance. At a slower cycle time the
nitrogen wavefront will penetrate deeper into the molecular sieve and a higher nitrogen concentration will be
measured in the product gas. Purge flow is determined by the orifice diameter and must be optimized for the
specific concentrator. Extrinsic factors are determined by the specific characteristics of the aircraft engines,
environmental control system, and mission profile. Several extrinsic factors are inlet air pressure and temperature,
ambient pressure or altitude, and product flow rate or the demand placed on the system by the aircrew. MSOC
performance generally improves with increasing inlet air pressure. Also, operation near room temperature
improves performance, where as, temperatures significantly above or below room temperature generally lower
system performance. Further, system operation at higher altitudes (or lower ambient pressures) generally results in
improved system performance. An additional characteristic of molecular sieve oxygen concentrators is that at low
outlet flows (~5-15 LPM) the oxygen concentration remains nearly constant at about 93-95%, however, at higher
flows the oxygen concentration waveform is nearly sinusoidal. The amplitude of the waveform increases as the
product flow increases. When MSOC performance is depicted graphically, the average oxygen concentration of the
sinusoidal waveform is given. The average oxygen concentration is generally determined by averaging the
maximum and minimum of the waveform.
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Figure 1. A Standard Molecular Sieve Oxygen Concentrator.

Presently, most MSOCs use either SAMG or OXYSIV-5 molecular sieve adsorbents. SAMG contains 5A
molecular sieve crystallites while OX'YSIV-5 and MG3 contain 13X crystallites (Figure 2). These molecular sieves
are manufactured by UOP, Des Plaines, Illinois. Both molecular sieves are synthetic crystalline zeolites possessing
a uniform crystal framework and, hence, apertures or pores with precise dimensions. The basic building blocks of
the crystal are SiO4 and AlO4 tetrahedra with exchangeable cations. The type of framework and exchangeable
cation will determine the dimension of the crystal pores. The presence of these ions gives rise to the strong
electrostatic fields within the crystal lattice.
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Figure 2. Structure of 5A and 13X Molecular Sieves.

The degree to which a molecule adsorbs within a particular molecular sieve is primarily determined by the
temperature, pressure, and the adsorbate molecule’s kinetic diameter, polarity, and degree of unsaturation. PSA
separation of nitrogen and oxygen by either 5A or 13X based molecular sieves is possible due to a difference in
molecular polarity. Nitrogen is adsorbed in greater quantity because of the favorable interaction between the
quadruple moment of the nitrogen molecule and the electrostatic fields of the crystal framework (Figure 3). Oxygen
and argon molecules are nonpolar and adsorb in nearly identical quantities. Hence, in current MSOC systems both
oxygen and argon are concentrated resulting in the oxygen purity limitation of 93-95% (the remainder is mostly
argon). In the PSA process the molecular sieve is not chemically altered because only physical adsorption occurs.
Further, the heat of adsorption produced when nitrogen adsorbs within the molecular sieve during the high
pressure step results in a slight temperature change (4-5°C) during operation.

Although both molecular sieve crystallites SA and 13X are alkali metal aluminosilicates, they differ in
crystal structure, pore size, and exchangeable cation. The SA molecular sieve has a type A framework with calcium
cations and a pore free aperture of 4.2 Angstroms. The 13X molecular sieve has a type X framework with sodium
cations and a pore free aperture of 7.4 Angstroms. In Figure 2 oxygen ions are located at the midpoint of each line
and either a silicon or aluminum ion is positioned at the intersection of the lines. The exchangeable cations are not
shown but would be distributed inside the central cavities. Molecules with a kinetic diameter less than the pore free
aperture will readily traverse the pore channels and adsorb to some degree within the volume of the large central
cavities. Those molecules with a kinetic diameter greater than the pore free aperture will be unable to enter the
crystal structure. Based on this characteristic, molecular sieves with the larger pore aperture (13X crystallites) have
shown a greater ability to extract chemical contaminant molecules from the engine bieed air.] Hence,
contaminants are prevented from exiting the MSOC with the product oxygen.

To prevent destruction of the crystal framework in an operating MSOC due to severe pressure
fluctuations, the crystals (average size of 1 to 4 um on edge) are combined with an inert clay binder to form pellets.
The pellet size for most molecular sieves used in MSOCs is 16 X 40 mesh. Further, the pellets must be retained
properly within the canister to prevent their movement and possible attrition. Generally, this retention is
accomplished with an arrangement of metal screens and coil springs. Improper bed retention (either too low or too
high a retention force) will result in molecular sieve breakdown or “dusting.” Hence, the proper design of the
retention system is critical to the MSOC design. In addition, most MSOC systems have a particulate filter at the
outlet of the oxygen concentrator to prevent particulates from entering the aircrew regulator should dusting occur.
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Figure 3. Adsorption Isotherms for Nitrogen, Oxygen, and Argon on Molecular Sieve.

Historical Background

Zeolites were first recognized by Cronstedt as a separate group of minerals in 1756.2 These minerals
appeared to boil when heated. Actually upon being heated these hydrated minerals release trapped or adsorbed
water. Cronstedt called the minerals zeolites which in Greek means "a boiling stone.” The term "molecular sieve"
was originated by McBain in 1932.3 McBain noticed that certain minerals, primarily dehydrated crystalline
zeolites, acted as sieves at the molecular level. These materials had a great deal of interal volume available for
adsorption which was only accessible by a network of channels or apertures. Molecules small enough to enter the
channels can access the internal volume where the crystal adsorption sites are located.

The first definitive expenments to show that zeolite minerals could be used to separate gas mixtures were
conducted by Barrer in 19454 He classified zeolites on their ability to adsorb or exclude molecules based on
molecular size. However, commercial efforts with these materials could not be attempted until Milton in 1948
discovered a method for synthesizing zeolites.) Synthesized zeolites do not have the crystal defects of naturally
occurring zeolites and could be tailored to create zeolites which were not available in nature. Molecular sieves used
in oxygen concentrators and in commercial separation processes are primarily synthesized zeolites.

In 1960 Skarstrom invented the process known as pressure swing adsorption or PSA (Figure 4).6 His
discovery stemmed from having difficulties in performing a gas analysis on an air stream due to a high moisture
content. He initially used the PSA process to extract moisture from the air stream (Figure 5). He also investigated
the use of PSA for air separation (Figure 6).
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Figure 4. Skarstrom PSA Apparatus.6
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Figure 5. Water Content Data for the Skarstrom Apparatus.6
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The first application of molecular sieves in a proposed aircraft oxygen system occurred in 1972 when a

PSA process was used as a preliminary step for a barium oxide oxygen generator. This work was performed by
Bendix Corporation (now Litton), Davenport, Iowa. Barium oxide was heated and exposed to oxygen to form
barium dioxide. When the barium dioxide was heated to a higher temperature oxygen was released. The PSA
process was used as an enrichment step to generate 50-70% oxygen from air. This oxygen was then allowed to
combine with the barium oxide. The barium oxide system was not successful, however, Litton continued
development of the PSA process. In 1977 Litton proposed the PSA system to the US Navy as an aircraft on-board
oxygen generating system. Litton also improved the technology resulting in the production of 93-95% oxygen.
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Figure 6. Oxygen Concentration Data for the Skarstrom Apparatus.6
Aircraft Molecular Sieve Oxygen Generating Systems

USN AV-8B Fighter In 1981 the US Navy developed the first production Molecular Sieve Oxygen
Generating System (MSOGS), sometimes referred to as an On-Board Oxygen Generating System, for the AV-8B.
The system was first tested on an AV-8A aircraft and then transitioned to the AV-8B./ The manufacturer of the
system was the Bendix Corporation (now Litton), Davenport, Iowa. The MSOGS was comprised of an oxygen
concentrator containing SAMG molecular sieve, breathing regulator, oxygen monitor, and regulated emergency
oxygen system (REOS) (Figures 7 and 8). The system was designed to directly replace the S-liter liquid oxygen
converter of the AV-8A aircraft. Engine bleed air supplied from the eighth stage manifold was fed to the
concentrator. An inlet coalescing filter was incorporated for removal of both particulate matter and liquids
including aerosol mists. An inlet air pressure reducer was used to limit air consumption. The system had a rotary
inlet valve which directed bleed air to the two molecular sieve canisters. The drive motor operated on 110 VAC
400 Hertz. The concentrator cycle time (time to pressurize and depressurize one canister) was fixed at about 10
seconds. Outlet pressure fluctuations were minimized through use of a product plenum which modulated the
concentrator pressure swings. The design flow rates for the system were 13.1 ALPM for the one man and 26.2 for
two men, as given in MIL-D-19326E (average flow rates for the liquid oxygen system specification).
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Typical performance curves for the system are shown in Figures 9-11. In Figure 9 the characteristic drop
in performance with decreasing inlet pressure or increasing outlet flow is shown during operation at sea level. The
outlet flow has units of NLPM. In Figure 10 these effects are shown for a cabin altitude of 50,000 feet. Notice the
characteristic improvement in performance during operation at the higher altitude. The maximum oxygen




concentration attainable from the AV-8B system was 93-95%. In Figure 11 the effect of a higher operating
temperature is shown. Generally, concentrator performance declines with increasing temperature and product flow,
and decreasing inlet air pressure. During testing, problems with the control electronics and motor driven valve
were corrected. The AV-8B system was qualified to an aircraft altitude of 50,000 feet. However, the current ceiling
of the AV-8B is reported to be 42,000 feet. Litton recently reported that the AV-8B system had achieved a total of
about 350,000 flight hours.
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Figure 9. AV-8B MSOGS Performance at Sea Level.”

The concentrator gas was delivered to a low inlet pressure, pressure demand oxygen regulator, and a
MBU-14/P oronasal mask. The non-dilution breathing regulator was designed to operate at the lower inlet
pressures of oxygen concentrator systems. The regulator provided product gas on demand with safety pressure from
ground level to 35,000 feet cabin altitude and pressure breathing between 35,000 and 42,000 feet cabin altitude.
Changes in the positive pressure breathing schedule were required to maintain the alveolar oxygen partial pressure
at physiologically acceptable levels due to use of 93-95% oxygen (Figure 12). Cabin differential pressure on the
AV-8B was zero from ground level to 4,000 feet, varied from 0 to 3.5 psi from 4,000-30,000 feet aircraft altitude,
and remained constant at 3.5 psi at aircraft altitudes from 30,000-42,000 feet.
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An oxygen monitor installed in the cabin was used to monitor the oxygen concentration of the gas

delivered by the oxygen concentrator. The polarographic sensing element employed had a gold cathode and silver
anode immersed in a gel electrolyte. The unit was sealed by an oxygen permeable membrane.
A polarizing voltage applied between these two electrodes results in a current flow which is directly proportional to
the oxygen partial pressure. A warning was issued if the partial pressure of oxygen (PO») in the breathing gas fell
below 220 +10 mmHg (Figure 13). The AV-8B system did not have a maximum oxygen concentration
specification. A press-to-test feature on the monitor supplied air to the monitor for testing the warning signal. The
disadvantages of the polarographic oxygen monitor were the requirements for frequent calibration and
replacement. The Navy is currently involved in a program to replace the polarographic OXygen monitor with a
zirconium oxygen monitor.

The seat-mounted REOS was comprised of a high pressure oxygen bottle (1800 psig), oxygen regulator,
and contents gauge, and had a capacity of 200 NL. The oxygen concentration of the gas in the bottle was 93 or
99.5% depending on what resources were available at the operating base. At remote bases the Expeditionary
Oxygen and Nitrogen System (EONS) was used to fill the emergency system. The oxygen concentration delivered
by EONS was 93%. The AV-8B did not have a backup oxygen system. The REOS breathing pressure can range
from 2-20 in-Wg depending on the altitude. Initiation of the REOS can be accomplished manually upon receiving
a warning or automatically upon ejection. Once activated the oxygen from the REOS was delivered to the crew
member until the bottle was depleted.




It's interesting to note that with the AV-8B system design a high altitude rapid decompression may or may
not activate the warning signal (Figure 13). For example, the aircraft could decompress from 23,000 feet cabin
altitude to 42,000 feet aircraft altitude. At this point the breathing pressure in the mask would rise to about 148.4
mm Hg (127.9 mm Hg + 20.5 mm Hg). If we assume the oxygen concentrator is delivering an average oxygen
concentration of 86% (minimum for warning activation is 85%), the partial pressure of oxygen delivered to the
aircrewman would be 127.6 mm Hg (0.86 x 143.4 mm Hg). In comparison, US Air Force systems automatically
activate a backup oxygen system or issue an automatic warning if the cabin altitude exceeds 25,000 to 28,000 feet.
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Figure 13. AV-8B Oxygen Warning Limits.”

USAF F-16 Prototype MSOGS In 1982 the first US Air Force MSOGS was installed on a F-16A aircraft.8
The prototype system was comprised of an oxygen concentrator, breathing regulator, oxygen monitor, composition
controller, selector valve, backup oxygen system, and emergency oxygen system (EOS) (Figure 14). The
manufacturer of the system was Clifton Precision (now Litton), Davenport, lowa.

The concentrator had two molecular sieve canisters filled with SAMG molecular sieve and was similar to
the AV-8B system. Performance curves for the system at moderate (20 ALPM) and high product flows (50 ALPM)
with a pressurized and unpressurized cabin are given in Figures 15 and 16. The design flow rate for the system was
50 ALPM. The maximum oxygen concentration delivered by the system was 93-95%. The system was qualified to
an aircraft altitude of 50,000 feet. This prototype system was not transitioned to the production F-16 aircraft,
primarily due to funding constraints. Hence, at the present time the F-16 fl